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Annual Progress Report
Grant DAMD17-96-1-6266
Period: June 16, 1999-June 15, 2000

INTRODUCTION

Breast cancer is a rare disease in men, affecting approximately 0.1% over their lifetime, as
compared to 12% in women. However, despite the difference in prevalence, male and female
breast cancers are similar in presentation and response to treatment. Risk factors for male breast
cancer (MBC) include a positive family history of male or female breast cancer, benign breast
disease (primarily gynecomastia), testicular disorders, Klinefelter’s syndrome (XXY), and
obesity (see reviews in Thomas, 1993; Lynch et al., 1999). The objective of this grant is to
characterize the role of BRCA2 in MBC and to estimate the attributable risk of MBC due to
BRCA?2 germline mutations. Currently, 170 Caucasian MBC cases are participating in this
research project.

BODY

Our primary goals for the past year included continued ascertainment of additional male breast
cancer cases and screening for mutations in the BRCAI and BRCAZ2 genes.

Technical Objective 1 (tasks 1-4): Ascertainment of male breast cancer cases

Participating individuals. This study was approved by the University of Utah Institutional
Review Board. Males with confirmed breast cancer diagnosed between the years 1963 and 2000
have been and are being enrolled in the study (Table 1). The male breast cancer cases from the
Utah Cancer Registry, the Wyoming Cancer Registry, the Colorado Cancer Registry, the Idaho
Cancer Registry, and the Imperial Cancer Research Fund (ICRF) are population-based. Those
from Memorial Sloan Kettering Cancer Center (MSKCC), University of Chicago, and University
of Texas Southwestern Medical Center are clinic-based. Those from the internet are self-
selected. For the participants from MSKCC and ICRF, DNA samples and minimal questionnaire
data were mailed to us. For each participant from the Registries and internet, a 15 ml blood
sample was collected. The Registry and internet participants have also been asked to complete a
self-administered questionnaire with detailed family history of breast and other cancers, of which
78 are completed and 23 are pending. Of these 105 cases, 11 are now deceased. Diagnoses are
verified through medical records when available. The mean age at diagnosis was 61 years with a
range from 28-93 years. Family history of breast cancer in first- and second-degree relatives was
collected from the majority of participants. DNA was extracted from blood using a Gentra™ Kkit.




Table 1. Source of male breast cancer cases

Source # cases +family - family Unknown family
history history history
Utah Cancer Registry 65 35 30 0
Idaho Cancer Registry 3 1 2 0
Colorado Cancer Registry 16 5 10 1
Wyoming Cancer Registry 4 1 3 0
ICRF 31 10 21 0
WWW internet site 17 10 6 1
University of Chicago 6 2 2 2
Memorial Sloan Kettering 24 15 9 0
University of Texas 4 3 1 0
Total* 170 82 84 4

* An additional 15 cases, 10 from Colorado, 3 from WWW site, 1 from Wyoming, and 1 from
Utah have agreed to participate. We are waiting for consent forms, questionnaires, and blood
samples to be returned.

Family history and age at diagnosis. Data for family history of breast cancer in first- or
second-degree relatives were available for 161 men. Of the 161 men, 77 had a family history
and 84 had no family history. Eight of the men with a family history were diagnosed at less than
41 years of age as compared to no men without a family history. No men with a family history
were diagnosed after age 79 years as compared to 6 men without a family history. Mean age at
diagnosis was 56.5 years for those with a family history and was 63.9 years for those men
without a family history (p < 0.001).

Klinefelter syndrome. As part of examining risk factors for MBC, we investigated whether
there was an excess of Klinefelter syndrome (an extra X chromosome so that the genotype 1s
XXY). Tissue was unavailable for determining the karyotype of the MBC cases. As a surrogate
for karyotyping, we genotyped with two polymorphic markers on chromosome X, DXS102 and
the androgen receptor CAG(n). We observed the number of heterozygotes at the markers, which
would indicate two X chromosomes. Of the 155 male breast cancer cases for whom genotyping
was complete at both chromosome X loci, 2 men (1.3%) appear to have two X chromosomes,
suggestive of Klinefelter syndrome. This is a significantly increased rate over the estimated
population prevalence of 1-2 per 1,000 men (p < 0.001). Our estimate is likely conservative,
because we can not distinguish between men homozygous (XXY) and men hemizygous (XY) at
these loci on the X chromosome. Other studies have reported that 3-7.5% of male breast cancer
cases have Klinefelter syndrome (reviewed in Lynch et al., 1999).

Technical Objective 2 (tasks 5-7): Characterization of loss of heterozygosity (LOH).

The original intent of this objective, designed prior to cloning BRCA2, was to classify the MBC
cases as likely carrying a BRCAI or BRCA2 mutation based on loss of chromosomal segments in
the regions containing BRCAI and BRCA2. However, BRCA2 was cloned prior to funding of the




grant, so that we proceeded directly to screening for mutations in the MBC cases. We are still
interested in this objective to correlate the LOH results with mutation screening results.
However, we are waiting to acquire additional tissue blocks and will perform this objective
during this last year of funding. We will only be able to obtain tumor blocks from men
participating from the Registries or the internet. Currently, we have tissue blocks from 30 MBC
cases, requests to hospitals are pending for 58 cases, blocks are unavailable for 11 cases, and
medical release forms still need to be obtained for 10 cases.

Technical Objective 3 : BRCA1 mutation screening of MBC participants from the
Registries and the internet. In a revised Statement of Work, the previous objective 3 to perform
fine-structure haplotype construction was replaced with this objective.

Single strand conformational analysis (SSCA) is being used to screen for mutations in BRCAL
Primer pairs were designed so that amplicons overlapped and spanned all coding regions and
intron/exon boundaries. The amplicon size was less than 250 bp in order to increase the
sensitivity to detect mutations. When a variant band was observed, it was sequenced in both
directions to identify the actual mutation. There are 45 overlapping amplicons for BRCAI. We
have completed BRCAI mutation screening for 40 male breast cancer cases. No deleterious
mutations have yet been detected. We have identified 10 common polymorphisms, which are in
linkage disequilibrium, and 4 missense mutations. One variant is currently being sequenced.
During the last year of funding, we will complete mutation screening for all DNA samples from
MBC cases from the Registries and internet.

Technical Objective 4 (tasks 11-12): Screening for BRCA2 mutations

SSCA is also being used to screen for mutations in BRCA2, using the same procedures as
described in Technical Objective 3. There are 73 amplicons for BRCA2. When a variant band is
observed, it is sequenced in both directions to identify the actual mutation. Mutation screening
has been completed for 123 cases. For some of the MBC cases from ICRF and MSKCC, there is
insufficient DNA to complete testing for all amplicons. During the last year of funding, we will
complete screening for all MBC cases that have enrolled.




Table 2. BRCA2 mutations identified from 123 MBC cases screened

Mutation Nucleotide change  Type of mutation # observations; (%)
IVS2+1G>A G>A Splice 1
279delAC DelAC Frameshift 1
1002delAA del AA Frameshift 1
2158delA del A Frameshift 1
4359ins6 ins TGAGGA Frameshift 1
6174delT del T Frameshift 6 —from MSKCC
6175delG del G Frameshift 1
8804delA del A Frameshift |
8822insT ins T Frameshift 1
9325insA ins A Frameshift 2
9481insA ins A Frameshift 1
G49L G>T Missense 1
S2247G A>G Missense 1
T1505A A>G Missense 1
T1915M C>T Missense 2
A2466V C>T Missense - likely polymorphism 1%
D1420Y G>T Missense - likely polymorphism 3
N991D A>G Missense - likely polymorphism 4
IVS16-14T>C T>C Non-coding 1
IVS8+56C>T C>T Non-coding 1
IVS2+1G>A G>A Non-coding splice 1
203G>A G>A Polymorphism (18%)
3'UTR A>SC Polymorphism (22%)
3'UTR DelT Polymorphism (15%)
K1132K A>G Polymorphism (23%)
IVS21-66T>C C>T Polymorphism- non-coding (52%)
K3326X A>T Known polymorphism 1
3'UTR A>G Likely polymorphism 3
L1522L G>A Silent 1*
S646S C>T Silent 1
V2171V C>G Silent 1*

*Same individual had three variants.

Of the 17 MBC cases with a deleterious frameshift or splice mutation, 6 had no family history, 2
had only a second-degree relative with breast cancer, and 9 had a first-degree relative with breast
cancer. Nine of the MBC cases with mutations were from MSKCC and 7 had a family history of
breast cancer. Of the 8 population-based samples with a deleterious mutation, 4 had a positive

family history.




Technical Objective 5 (task 13): Extending and sampling within families of male breast
cancer probands with BRCA2 germline mutations

We are only able to extend families from MBC cases with mutations that were identified in the
Registries or on the Internet. The families from MSKCC and ICRF are unavailable. Of the five
cases available to extend into their families, two families can be extended and one already has
been sampled, two families can not be extended, and one case has two daughters (one of whom
is already sampled).

Plans for the final year of funding. Our focus for this last year will be: 1) to complete mutation
screening in BRCAI and BRCA?2 for the participants from the Registries and the internet; 2) to
examine LOH at BRCAI and BRCA2 and correlate the findings with identified BRCA mutations,
and 3) attempt to extend those families where frameshift mutations are identified.

KEY RESEARCH ACCOMPLISHMENTS

o Collecting the largest single-site set of MBC cases

e Identification of BRCA2 mutations in MBC cases

e Identifying that Klinefelter syndrome is in excess in MBC

e Determining that a family history of breast cancer is associated with an earlier age at
diagnosis

REPORTABLE OUTCOMES:

Neuhausen S, Godwin A, Gershoni-Baruch R, Schubert E, Garber J, Stoppa-Lyonnet D, Olah E,
Csokay B, Serova O, Lallo F, Osorio A, Stratton M, Offit, K, Boyd J, Caligo A, Scott R,
Schoefield A, Teugels E, Cannon-Albright L, Bishop T, Benitez J, King MC, Ponder B,
Weber B, Devilee P, Borg A, Narod S, Goldgar D: (1998) Haplotype and phenotype
analysis of nine recurrent BRCA2 mutations in 111 families: results of an international
study. Am J Hum Gen., 62:1381-1388.

Lynch B, Holden JA, Buys SS, Neuhausen SL, Gaffney DK: (1998) Pathobiologic
characteristics of hereditary breast cancer. Human Pathology. 29:1140-1144.

Neuhausen SL: (1999) Ethnic differences in cancer risk resulting from genetic variation.
Cancer. Oct 15; 86 (8 Suppl): 1755-62.

Neuhausen, SL: (2000) Founder populations and their uses for breast cancer genetics. Breast
Cancer Res. 2:77-81

Bansal A, Critchfield GC, Frank TS, Reid JE, Thomas A, Deffenbaugh AM, Neuhausen SL:
(1999) The predictive value of BRCAI and BRCA2 mutation testing. Genetic Testing:
2000; 4 (1): 45-8.




Neuhausen S: (1999) Genetic epidemiology of breast, ovarian and endometrial cancers. In:
Familial and Hereditary Cancer in Women. (S. Mancuso, S. Pecorelli, eds.) Poletto Editore
stl,. pp 47-63.

Neuhausen SL: (2000) Prevalence of BRCA2 mutations in male breast cancer cases. Second
ERA of Hope, DAMD Meeting.

CONCLUSIONS

Male breast cancer is a relatively rare disease, as shown by our difficulty in collecting a large
number of living cases for this study in a short period of time. Thus, the cases are prevalent
cases rather than incident cases. Time from diagnosis to enrollment varied from less than 12
months to 30 years. The MBC cases with a family history of breast cancer were diagnosed, on
average, 13 years earlier than those without a family history.

BRCA?2 mutation screening has been completed on 123 MBC cases. Seventeen known
deleterious mutations were identified (frameshift mutations that caused premature protein
termination and a splice mutation) for a prevalence of 13.8%. Nine of the mutation carriers were
from clinics, including 6 MBC cases with the 6174delT mutation, a common mutation in
individuals of Ashkenazi Jewish descent. When excluding the cases with the founder 6174delT
mutation, the prevalence of BRCA2 in MBC is 9.4%. When including only the population-based
samples, the prevalence of BRCA2 is 8.5%. Accounting for the sensitivity of SSCA of
approximately 80%, the prevalence is 10.6% [(8/94)/0.80] for population-based samples only
and 17.2% for all screened samples. Family history is not a good predictor of BRCA2 mutation
status. BRCA2 mutations appear to be more prevalent in unselected MBC cases than in
unselected female breast cancer cases.

This research is ongoing. We will continue to screen for mutations in BRCAI and BRCA2 for
male breast cancer cases who have not yet been tested. We will investigate whether lifestyle and

medical factors, e.g., weight, smoking, gynecomastia, appear to be associated with male breast
cancer.
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Haplotype and Phenotype Analysis of Nine Recurrent BRCA2 Mutations in
111 Families: Results of an International Study

Susan L. Neuhausen,' Andrew K. Godwin,* Ruth Gershoni-Baruch,* Elizabeth Schubert,’

Judy Garber,” Dominique Stoppa-Lyvonnet,” Edith Olah,® Bela Csokay,® Olga Serova,’

Fiona Lalloo, Ana Osorio,"" Michael Stratton,'> Kenneth Offit," Jeff Bovd,'*

M. Adelaide Caligo,' Rodney J. Scott.™" Andy Schofield,!” Eric Teugels,'® Manfred Schwab, '
Lisa Cannon-Albright,' Timothv Bishop,™ Douglas Easton,’' Javier Benitez,"" Mary-Claire King,?
Bruce A. ). Ponder,** Barbara \Weber,” Peter Devilee,® Ake Borg, Steven A. Narod,” and

David Goldgar'

enetic Epidemiology Group, Department of Medical Informatics, University of Utah School of Medicine, Salt Lake City; * Depantment of
Medical Oncology, Fox Chase Cancer Center, and ‘Dezartment of Hematology-Oncology, University of Pennsylvania, Philadelphia;
‘Department of Human Genetics, Rambam Medical Cenrer. Haiia. Israel; 3 Depantments of Medicine and Genetics, University of Washington,
Seattle: "Unite de Génétique Oncologique, Institute Curie. Paris; "Dana Farber Cancer Institute, Boston: ®National Institute of Oncology,
Budapest; * International Agency for Research on Cancer. Lyon; ""University Department of Medical Genetics and Regional Genetic Service,
St. Man's Hospital, Manchester, United Kingdom; *'Department of Genetics, Fundacién Jimenez Diaz, Madrid: '*Section of Molecular
Carcinogenesis, Institute of Cancer Research, Sutton. L nited Kingdom; Departments of '*Human Genetics and "*Surgery, Memorial Sloan-
Kettering Cancer Center, New York: *Deparment of Oncology, University of Pisa, Pisa; '*Department of Human Genetics, Kantonsspital
Basel, Basel; ""Department of Medical Genetics, Universitv of Aberdeen Medical School, Aberdeen; *Oncology Center, Free University of
Brussels; *German Cancer Research Center. Heidelberg; ““lmperial Cancer Research Fund Genetic Epidemiology Laboratory, Leeds; > Cancer
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Lniversity Hospital, Lund, Sweden: and **Cer:re for Research in \VWomen'’s Health, University of Toronto, Toronto

Summary

Several BRCAZ mutations are found to occur in geo-
graphically diverse breast and ovarian cancer families.
"o investigate both mutation origin and mutation-spe-
afic phenotypes due to BRCAZ, we constructed a hap-
lotype of 10 polymorphic short tandem-repeat (STR)
markers flanking the BRCA2 locus, in a ser of 111 breast
or breast/ovarian cancer families selected for having one
of nine recurrent BRCA2 murations. Six of the individual
mutarions are estimated to have arisen 400-2,000 vears
ago. In partcular, the 6174delT mutardon, found in
~1% of individuals of Ashkenazi Jewish ancestry, was
«:imated to have arisen 29 generations ago (1-LOD
support interval 22-38). This is substannally more re-
cent than the estimated age of the BRCAI 185delAG
mutation (46 generations), derived from our analogous
study of BRCAI mutations. In general. there was no
evidence of miultiple origins of identical BRCA2 muta-
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tions. Our study data were consistent with the previous
report of a higher incidence of ovarian cancer in families
with mutations in a 3.3-kb region of exon 11 (the ovar-
ian cancer cluster region [OCCR]) (P = .10); but that
higher incidence was not statistically significant. There
was significant evidence that age at diagnosis of breast
cancer varied by mutation (P < .001), although only 8%
of the variance in age at diagnosis could be explained
by the specific mutation, and there was no evidence of
family-specific effects. When the age at diagnosis of the
breast cancer cases was examined by OCCR, cases as-
sociated with mutations in the OCCR had a significantly
older mean age at diagnosis than was seen in those out-
side this region (48 years vs. 42 years; P = .0005).

.
v

Introduction

The 1solation of BRCA1 (Miki et al. 1994) and BRCAZ2
(Wooster et al. 1995; Tavrigian er al. 1996), two genes
predisposing to early-onset breast cancer and ovarian
cancer, has resulted in rapid identification of a large
number of families with murations in these genes (Breast
Cancer Informarion Core) (Couch er al. 19966 Szabo
and King 1997). Although both genes exhibit a large
number of distinct mutations, several murations have
been found to recur in a number of independently as-

1381




1382

certained families of apparently diverse geographical or-
igin, as well as in families largelv confined to a single
population.

Genes responsible for inherited cancer. like many other
disease genes, have been associated with a wide diversity
of expression. This is seen not only in variability in the
age at diagnosis of cancer bur also in the anatomical site
at which the tumor originates. More important, at least
from the clinical perspecive. is the degree to which spe-
cific mutations and accompanving generic backgrounds
influence the expression of BRCA2 in terms of site and
age at diagnosis. For BRCA2, Gayther et al. (1997) have
provided evidence that mutations in an ~3.3-kb nucle-
otide region of exon 11 (denoted the “ovarian cancer-
cluster region” [OCCR]) are associated with a higher
incidence of ovarian cancer relative to breast cancer. In
that study, this was highly significant, with an ovarian:
breast cancer ratio of 11:45 inside, and 22:282 outside,
the OCCR. In the present studies, four of the murtations
examined were within the OCCR, whereas the other five
were outside this region. This allowed us to examine,
with the present dara ser, the OCCR hypothesis.

In a previous paper (Neuhausen er al. 19966), we
analyzed six recurrent BRCA1 mutations for haplotype
conservation, over a 3-Mb segment containing the
BRCAT gene, using nine STR markers. We also inves-
tigated the relationship berween the position of the mu-
tation and the phenotype (in terms of both age at di-
agnosis of breast cancer and proportion of ovarian
cancer) of the families carrving each muration. In the
present article, we have undertaken a similar study of
recurrent BRCA2 murations, addressing both mutation
origin and the relationship berween muration and phe-
notype. To do this. we constructed a haplotype of 10
polymorphic STR markers flanking the BRCA2 locus in
a set of 111 families (selected to conrain one of nine
BRCAZ2 murations that had been identified a minimum
of three times) and analyzed the phenotype associared
with each mutartion. For five murations for which suf-
ficient haplotype data existed, we estimarted the age of
the muration, using a modified version of our mathe-
matical model developed for our BRCA1 analysis.

Subjects and Methods

Family Ascertainment

Families with one of the nine murations were from 24
centers located in 13 countries in Europe and North
America. The families had been previously ascerrained
for a variety of reasons, including research studies, di-
rected screening of case series of ovarian or male breast
cancer, Or artendence at a cancer genetics clinic. Appro-
priate informed consent was obrained from all partici-
pants. When possible, pedigree information was ob-

Am. |. Hum. Genet. 62:1381~1388. 1994

tained, although. “or several centers, no such history wag
available and, fc- nther centers, only a limited family
history could be « zained. All cases of breast and ovan';lr'1
cancer reported :z the pedigree were included in the
study, with the «:zeprion of cases who were know -, to
not carry the BRZA2 mutation segregating in the fa:aily,
No independenr “:rification of diagnosis was obrtained.
and, for a small sroportion of cases, age at diagnoSig
was not availabiz.

Samples for tzz 982del4 murtation were from the
United States anc France; those for 2041insA, from Ger-
many, Canada. and the United States; those for
3034del4, from Eeigium, Canada, Spain, France, Swit-
zerland, Italy, anc -he United States; those for 44864 ‘G,
from Sweden; those for 5573 insA, from the Netherlaids;
those for 6174deiT, from Canada, France, Israel, Hun-
gary, Sweden, the United Kingdom, and the United
States; those for 6503delTT, from Belgium, the Neth-
erlands, Sweden. and the United Kingdom; those for
9254del5, from France and Spain; and, those for
9326insA, from Hungary, Sweden, and the United
Kingdom.

Genotyping or 13 Markers

Genotyping was performed at four centers. The fam-
ilies collected by the University of Washington in Seatle,
the National Institute of Oncology in Budapest, and the
Fundacion Jimenez Diaz in Madrid were genotyped in
their respective laboratories; all other families were ge-
notyped in the Genetic Epidemiology Laboratory at the
University of Utah. Ar all centers, the same five D} A
samples were used as controls, and a similar protocol
was followed. All 10 markers genotyped were STR loci
assayed by PCR, with standard procedures. All the re-
sults in the tables are from analyses of all 10 markers.
For all mutations except 6174delT, allele frequencies
used in the likelihood calculations were as reported in’
Genome Database, from typings of ~80 independent
CEPH chromosomes. For analysis of family samples .f
Ashkenazi Jewish ancestry carrying the 6174delT m -
tation, we estimated marker-allele frequencies from the
haplotype data of the non-mutation-bearing chromo-
somes. In all cases, allele sizes were marched according
to the genotype of CEPH reference individual 1347-02,
who was used as a conrrol on each gel. The genetic map
assumed for the haplorype analyses was derived from
physical-mapping data (Couch et al. 19964; S. L. Neu-
hausen, unpublished data), under the assumption tho:
1.5 cM =1 Mb. Note thar this rate is higher than th:
usual 1:1 ratio assumed as a genomewide average; this
was done to ensure thar the roral distance of the map
was in agreemenrt with thar of the published genetic map
(Dib et al. 1996). None of the markers were locared
intragenic to BRCA2. The assumed map order and dis-
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Table 1
Summary of STRs Used in Haplotype Analvsis
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Size (Frequency) of Common
Genortype of 1347-02

Posirion Heterozygosiry® Allele

Marker (cM) No. of Alleles ("a) (bp) {bp!
D135290 270 6 46 176 (.71), 190 (.11), 188 (.11) 190/176
D135S1444 1.35 9 80 167 (.41), 169 (.24), 177 (.11} 1771167
D1351700 1.20 18 89 308 (.12), 312 (.09), 258 (.09) 320/254
D135260 1.00 9 78 163 (.41), 161 (.13), 171 (.09) 163/161
D1351699 .72 6 67 150 (.54), 146 (.37) 156/146
D1351698 .63 10 63 152 (.33). 134 (.30) 168/160
BRCA2 .0

D135171 —-.60 6 72 241 (.32}, 231 (.32), 227 {.25) 2317231
D13S1695 -.96 11 79 245 (.37), 247 (.23) 2497235
D13S310 -2.10 5 70 146 (.40), 144 (.24), 140 (.24) 146/146
D13S267 -3.12 6 69 148 (.44), 160 (.29), 154 (.17} 160/148

* Determined from genotyping of 80-100 chromosomes.

tances and the descriptions of the markers used are given
in table 1.

When possible, haplorypes associated with each mu-
rarion were inferred from multiple samples of related
idividuals within each kindred known to have the same
¢ uatation; otherwise, multilocus genotypes were com-
pared. When haplorypes could not be determined with
certainty, all possible haplotypes (to a maximum of 64)
consistent with the observed mulrtilocus genotypes were
considered in the likelihood analysis, in a manner anal-
ogous to the phase calcularions in multipoint linkage

analysis.

#alysis of Haplotype Data

The estimation of the age of the mutations was per-
formed by use of the same statistical model that had
been used in our previous analysis of BRCAI (Neuhau-
sen et al. 1996b), with several minor modifications. In
brief, the joinr likelihood of the BRCA2 haplotypes (or
all possible haplotypes from families with a given mu-
tarion, relative to a presumed ancestral haplotype) is
written as a function of the recombination fraction be-
v 2en the disease and each marker; the number of gen-
erations, G, since the murarion arose; and the mutation
rate and allele frequencies at each marker locus. The
marker D13S1700 was assumed to have a higher mu-
tation rate (.01) than the other markers (.002 for a tetra-
nucleotide repeat and .0006 for a dinucleoride repeat),
on the basis of both the large number of alleles and the
observation of mutations within families. We also in-
cluded another paramerter, up, the proportion of families
wh an independent muration identical to that of the
presumed ancestral haplorype. This parameter is anal-
ogous to genetic heterogeneity in standard linkage anal-
vsis and can be estimated from the dara.

The method of maximum likelihood was used ro find
the value of G that, among families with idenrical mu-

tations, best fitted the pattern of haplotype sharing at
the 10 marker loci. Approximate support intervals for
the age of each muration were calculated by finding the
value of G on either side of the most likely value thar
had a >10-fold decrease in likelihood. A test for het-
erogeneity of mutation origin was performed by com-
paring the likelihood at the maximum-likelihood esti-
mates of G and p, with the analogous likelihood,
assuming pp = 0. Each generation is estimated to be 20

years.

Analysis of Phenotype Data

For each mutation, the number of families with that
mutation, the number of female and male breast cancer
cases, and the number of ovarian cancer cases were tab-
ulated. To partially counter anv effects of ascertainment
of those directed-screening cases of breast and ovarian
cancers, we also examined the data only in those families
in which there were at least three cases of cancer, where
a case is defined as a female breast cancer at age <60
years, an ovarian cancer, or a male breast cancer. In this
second tabulation, only cases of female breast cancer at
age <60 years were counted in the breast cancer results;
this was done in order to increase the probabiliry that
they were associated with the BRCA2 muration’ segre-
gating in the family.

To test for heterogeneiry, in the proportion of affected
individuals who had ovarian cancer, as a function of
whether the muration associated with a given family was
inside or ourtside the hypothesized OCCR, a randomi-
zation test was performed. Specifically, random per-
mutations of families with the nine murations were per-
formed, in which the number of families with each
mutation was keprt equal to that presenrt in the actual
dara ser. After this permutation step, the mutations were
grouped according to their location respective 10 the
OCCR. Each such permutation resulted in a different
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Table 2
Results of Haplotype Analysis of Nine Mutations
No. oF .

Fanr- No. oF CORE HarLoTyPe aT CONSISTENCY 1I-L n
MUTATION LIES? CounTrIES" D135260 D1351699 D13S1698 D13S171 D13S1695 INDEX? G Inte
982del4 5(3/2, 2 161 146 154 231 253 513 18 (4—3)
2034insA 5312 3 163 150 166 241 247 3/5 36 (13-64)
3034del4 11 (4/7) 7 165 146 154 227 245 2/11 80 (46-134)
4484delG 4 (0/4) 1 169 156 166 241 247 44 Nort calculated
5573insA 3(3/0 1 165 146 154 227 245 213 Not calculated
6174delT 69 (22/47) 7 161 146 152 2398 251 43/69 29 (22-38;
6503delTT 7 (52 4 163 150 158 227 245 315 52 (24-98)
9254dels 3 {2/ 2 163 150 154 231 X /5 Nor calculared
9326insA 4 (1/3) 3 171 152 152 231 245 24 Not calcul:

* Dara in parentheses are number of families in which haplotypes could be determined/number of families for which only multilocus geno: se

data were available.
® For names of countries, see the Subjects and Methods section.

¢ Number of samples/families consistent with core haplotype for all five markers listed.

2 x 2 table with an associated x* statistic calculated in
the standard fashion. The x* statistic associated with the
observed aggregation of cases and mutations was com-
pared with those calculated from 2,000 random per-
murations of families and mutations. The rank of the
observed x* statistic among those from 2,000 replicates
is the nominal P for testing the association berween the
prevalence of ovarian cancer and a specific murtation.
The S-Plus package (StatSci) was used to perform the
randomizartion test. Phenotypic analysis of age at diag-
nosis, among mutations, was performed by the T-TEST,
GLM, and VARCOMP procedures of the SAS staristical
analysis package.

Results

Haplotype Analysis and Age of Mutations

The murations described in this report span the
BRCA2 gene and are small insertions or deletions that
cause protein truncation. In table 2, the mutations are
characterized as to the number of families studied, the
numbers of genotypes and haplotypes obrained, and the
geographic diversity (as based on the number of coun-
tries from which samples were contributed). The most
common haplotype associated with each of the nine mu-
tations studied, as well as the estimated G, support in-
terval, and estimared heterogeneity for those murations
with ar least five haplotypes to analyze are also shown
in table 2. Although the estimation of the ages of the
mutations incorporated dara from all 10 markers, we
report the consensus haplotype ar the six markers closest
to BRCAZ, since, in many cases, the haplotype beyond
these markers was difficult to derermine. For four of the
five muradions examined, the estimated fraction of fam-
ilies in which cancer was due to an independent muta-
tional event was 0: for 6503delTT, the estimated pro-

portion was .11, which is not significantly different from
0. For 6174delT, the 1-LOD upper bound for the pro-
portion arttributable to one (or more) independent iden-
tical mutations was .06. In all cases, there was no s. -
nificanr evidence of mutational heterogeneiry, indicatii.g
that, for each mutation studied, all families with the
murartion represent derivations from a single ancestral
haplotype on which the murtation arose. The estimares
of G are based on assumptions abour mutation rates
and recombination rates and therefore may be more ap-
propriately considered as relative indications of time
since the muration originated, rather than as absolure
values. We estimare the 982del4, as an example, to ha :
occurred relatively recently—that is, 18 generations ago
(1-LOD supporrt interval 4-43), or ~360 years ago (1-
LOD support interval 80-860 vears).

Association between Phenotypic Variation and
Mutations

A summary of the number of cases of breast and ovar-
ian cancers and the ages ar diagnosis of the breast canc: -
cases, stratified by BRCA2 murtation type, is shown i::
table 3, for all families with all breast cancer cases and
for those “high-risk” families (as described in the Sub-
jects and Methods section) that have breast cancer cases
diagnosed at age <60 years. There was significant var-
jation in age at diagnosis among the nine mutations
tested when all cases in all families were considered
(P =.0007, by nested ANOVA), as well as when the
analysis was restricted to high-risk families and case
diagnosed at age <60 years (P = .013), although onl.
~8% and ~6%. respectively, of the variance was ex-
plained by individual murarion. In both analyses, there
was no evidence of significant variation berween fami-
lies, for any muration group, and the variance due to
this effect was estimared to be zero in both cases.
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Table 3

Summary of Phenotypic Data Associated with Mutation
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ALL FAMILIES

FAMILIES WITH >3 CASES"

No. of Cancer Cases

Female Breast

No. of Cancer Cases

Female Breast at Age

MUTATION  No.  (Age [vears]}  Ovarian  Male Breast No. <60 Years (Age [vears])  Ovarian  Male Breast
982deld 5 25 141) 1 4 4 20 (38) 1 4
2041insA 5 16 (41) 4 5 4 11 (39 3 N
3034del4 11 37 (42) 6 2 9 33 (42) S 2
4486delG 5 16 (48) 0 3 1 6 (44) 0 0
5575insA 3 5(47) 7 0 2 2 (40) 7 0
6174delT* 67 119 (49) 29 12 22 60 (46) 12 8
6503delTT 7 20 (44) 12 1 6 18 (44) 12 1
9254dels 3 16 (48) 3 3 3 11 (43) 3 3
9326insA _4 _91(34) 0 2 1 _3 (35) 0 1
Total 110 203 (45.6) 62 32 52 164 (42. 43 %4

* Includes all families on which ar least some phenorypic information was available. Breast cancer tabulation conrains all
cases of breast cancer, regardless of age, as well as those cases for which age at diagnosis is unknown.

b Families with ar least three cases of cancer, where a case is defined as a female breast cancer at age <60 years, an ovarian
cancer, or a male breast cancer. Only the cases of female breast cancer at age <60 years are included in the results.

< In 13 families obrained from a consecurive series of Ashkenazi Jewish ovarian cancer parients tested only for the 6174delT
mutation, the ovarian cancer proband was omitted from this rable and subsequent analyses; however, the proband was used

in determining whether the family had three or more cases.

Examination of the OCCR

The randomization test described in the Subjects and
Methods section was used to examine possible differ-
ences in the relative proportions of cases of breast and
ovarian cancers, for murarions inside and outside the
OCCR. These results are shown in table 4. It is clear
thart there is a higher proportion of ovarian cancer cases
a- :iated with families with mutations in the OCCR
recion. although this difference is not significant for ei-
ther the complete data set (P = .12) or the high-risk
subser (P = .11). The odds ratio for the entire set of
families is 2.1. Interestingly, when we examined the age
at diagnosis of the breast cancer cases in terms of OCCR
status. we found that most of the age-at-onsert variation
berween mutations could be ascribed to the location rel-
arive to the OCCR. This difference, of older age at onsert
fc -he OCCR region. was highly significant, both for
the nested analysis of variance with berween-family var-
lation used as the error term and by ordinary t-test.
Because the 6174delT murtation group was the largest
and had the oldest age at onset, we also performed the
analvsis of age at onset and OCCR again, without this
group. When we removed the cases with a 6174delT
muration, the effect of the mutation location in the
OCCR s still present bur is not significant (P = .09).

Discussion
In this paper, we have analvzed genotypic and phe-

notypic data from a series of breast cancer families and
from isolated cases with one of nine recurrent murtations

in the BRCA2 gene. These data appear to include both
population-specific sequence variants, as well as those
found in more geographically diverse populations of
northern European Caucasian ancestry. The mutation
with the oldest estimated age, 3034del4, was found in
the most diverse set of samples (except for the 6174delT
murtation in the Ashkenazi population), both in multiple
centers in the same country and in seven different coun-
tries. For the murations studied, the multple instances
of specific mutations generally appear to represent foun-
der effects many generations in the past, rather than
independent mutational events. This is in contrast to
the BRCAI mutations—4184del4, Argl443ter, and-
185delAG—which, on the basis of the multiple origins
of these murations, may represent hot spots (Neuhausen
et al. 1996b).

The 4486delG mutation has been reported only in
Scandanavia (Hikansson et al. 1997). For this study,
there were too few haplotypes to determine the age of
the mutation. However, all four samples (three from spo-
radic male breast cancer cases and one large breast can-
cer family) genotyped with this muration appeared to
share a conserved haplotype over an ~3-cM interval con-
taining the BRCA2 locus. A similar pattern was observed
in the three Dutch families carrying the 5573insA mu-
tation. The 9254delS mutation has been identified only
in two French families of Caralan origin and in a single
Spanish family also from this region. The three families
share a conserved haplotype over an ~2-cM region span-
ning the BRCA2 locus. These three families have dif-
ferent phenotypes, with one family having three cases
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Table 4

Examinétion of OCCR

Am. [. Hum. Genet. 62:1381-1388, 1998

AL Famivies

FasuLies witH >3 CANCER CASES

No. of Cancer Cases

No. of Cancer Cases

Female Breasr at Age

MUTATION Female Breast (Age

LocaTioN  No. [vears})) Ovarian ~ Male Breast  No. <60 Years {Age [vears]) Ovarian  Male Breas
OCCR~ 82 160 148.0) 48 17 31 88 144.9) 31 9
OCCR" 28 105 141.9) 14 16 21 76 (40.3) 12 15

* As defined in table 3. For age at diagnosis,

P <.0001; for breast cancer versus ovarian cancer, P = .12.

® As defined in table 3. For age ar diagnosis, P < -0005; for breast cancer versus ovarian cancer, P = .11.

of male breast cancer and four cases of female breast
cancer, a second family having three cases of ovarian
cancer, and a third family having eight site-specific cases
of female breast cancer.

By contrast, the 3034del4 muration has been found
in families in seven different western European and
North American countries (Belgium, Canada, France,
Iraly, Spain, Switzerland, and the United States). There
was a considerable amount of haplotvpe diversity among
the 11 families examined, accounting for the large value
of the estimarted age. Although our analysis failed to find
significant staristical evidence of multiple independent
origins for this muration (the maximum-likelihood es-
timate for the proportion due to independent mutation
is 0), given the limited number of families available for
analysis, statistically we could not rule out the possibiliry
that there were independenr mutations for as many as
half the families. This muration is in a region that may
be a hot spor for such deletions. Another 4-bp deletion,
located only 2 bp downstream, has been reported in five
families thus far. and a 2-bp deletion located 4 bp down-
stream has been reported once (Breast Cancer Infor-
martion Core).

Of particular interest is the 6174delT mutation found
in high frequency in the Ashkenazi Jewish popularion.
Along with the nvo BRCA1 mutarions (185delAG and
5382insC), it has been estimated thar 1 in 50 Ashkenazi
Jewish individuals carry one of these three mutations
(Struewing et al. 1995, 1997; Oddoux et al. 1996; Roa
etal. 1996). These mutartions account for ~30% of early-
onset breast cancer (Neuhausen et al. 19964: Offit et al.
1996; Tonin er al. 1996) and for as much as 60% of all
ovarian cancer in this population (Abeliovich er al.
1997). On the basis of our analvsis of haplotypes and
genotypes of o9 tamilies with the 6174delT mutarion,
we estimate thar the muration originated ~29 genera-
tons ago (1-LOD supporr interval 22-38). The corre-
sponding analvsis for the age of the BRCAI 185delAG,
on the basis of vur original ser of 18 families with this
murtation, resulzed in an estmarte of 46 generartions (1-
LOD supporr interval 22-82) and suggested thar the
cases in ~90"s ot the families are due to the presumed

ancestral Jewish mutation (an estimate reflecting the fact
thar two families of non-Jewish ancestry were part of
the sample). Thus, the 6174delT muration appears to
have originated more recently. Supporr for the more re-
cent origin of the 6174delT muration comes from ex-
amination of these murarions in 44 non-Ashkenazi Jew-
ish patients. One Iragi patient had a 185delAG
mutation, and none had a 6174delT muration (Abe-
liovich et al. 1997). Sher et al. (1996} also reported a
185delAG muration in an Iraqi Jew. suggesting that this
murarion has an origin earlier than thar of the 6174delT
mutation. More recently, an additional three BRCA1
185delAG mutations have been identified, in a sample
of 639 Iraqi Jews (Bar-Sade er al. 1997), but, to our
knowledge, the 6174delT muration has never been
found outside the Ashkenazi Jewish population.

Our analysis was consistent with the finding by Gay-
ther et al. (1997)—tha is, thar there is a higher incidence
of ovarian cancer relative to breast cancer associate:
with the OCCR; however, this higher incidence was no:
staustically significant. One possible reason for the dif-
ference between the significance presented here and that
reported by Gayther et al. (19971 could be the ill-defined
5" end of the OCCR. The 303-del+ mutation is on the
5" border of the OCCR, as derined by Gayther et al.
(1997), and irs exclusion, rather than inclusion in the
OCKCR, could have an affect on che analysis.

Among the murations, there were significant diff. -
ences associated with age ar diagnosis of breast cancer
Much of the variation was associated with murartion
location relative 1o the OCCR. However, when we re-
moved the cases with a2 6174da[T murtation, the effect
of the mutarion location in the OCCR, although still
present, was not significant. The later age ar onser of
breast cancer in the cases with the 6174delT mutation
could be due 10 ease of screening families for this com-
mon muration. However, the age etfect is scill presen: n
those families with three or more cancer cases w:10
would likely be screened in anv testing program. sug-
gesting that mutations within :1¢ OCCR and/or, more
specifically, the 6174delT murazon do confer a later age
at onset of breast cancer. On the basis of previous studies
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of two common mutartions, there is a suggestion that
mutations in the OCCR are less penetrant for breast
cancer at a younger age. In the Icelandic studies of the
999del5 muration, which is outside the OCCR, 289 of
lcelandic breast cancer cases of age <40 vears carry this
mutation, which has a population prevalence of 0.50%.
In contrast, for the 6174delT muration. which is within
the OCCR, 8% of Ashkenazi Jewish breast cancer cases
of age <40 vears carry this muration, which has a pop-
ulation prevalence of 1.2%. Therefore, with a prevalence
twofold higher for the 6174delT mutation, there is a
large difference, in comparison with the Icelandic mu-
-ation, for age at onset of breast cancer, suggesting lower
senetrance at age <40 vears.

As a first step in mutation detection. comparison of
an observed haplotype in a family examination of hap-
lorypes can be useful to identify common mutations. In
addition to this set of haplotypes for recurrent muta-
tions, we are also constructing a haplonvpe darabase of
any mutations, so that others can compare their hap-
lotypes (for further informarion, please contact S.L.N.).
A haplotype database of Dutch murarions is available
:-om a Leiden University Medical Center Department of
Human Genetics Website. Since multiple families with
identical murarions on identical genetic backgrounds can
be ascertained, this will allow us to better elucidate ad-
ditional genetic and environmental facrors that contrib-
ute to the observed variation in phenorvpe. Similarly,
studies of families with idenrical murartions but wich dif-
ferent origins will allow us to examine berrer the possible
e-fect of genetic modifier loci. A copy of the revised
v:rsion of the haplotype-analysis program is available,
on request, from D.E.G.
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Pathobiologic Characteristics of Hereditary

Breast Cancer

BEVERLY J. LYNCH, MD, JOSEPH A. HOLDEN, MD, PHD,
SAUNDRA S. BUYS, MD, SUSAN L. NEUHAUSEN, PHD,

AND DAVID K. GAFFNEY, MD, PHD

Patients with hereditary breast cancer (HBC) present at a young
age with breast cancers that show adverse pathological characteristics
such as high nuclear grade, negative hormone receptor status, and
high proliferation indices. Surprisingty, the clinical course has been
reported to be comparable or improved compared with patients with
nonhereditary breast cancer (non-HBC). To determine whether there
are any molecular markers that might help explain this paradox
between pathologically aggressive neoplasms in patients with HBC
and the lack of extreme clinicaily aggressive disease, we studied
several molecular parameters in a group of 34 breast cancer patients
with mutations in either the BRCAl or BRCA2 tumor suppressor
genes and compared them with 2 group of 20 breast cancer patients
with non-HBC. In general, patients with HBC had tumors that were of

Breast cancer is the leading malignancy in women
and the second most common cause of cancer-related
deaths in the United States.! Observations of a family
history of breast cancer with an early age of onset
spurred research into the investigation of specific genes
that may be responsible for the development of this
disease. As a result, BRCAl and BRCA2, the two genes
that appear to confer susceptibility to the development
of breast carcinoma, have been isolated and character-
ized. The BRCAI gene has been mapped to chromo-
some 17q12-21, and the BRCA2 gene has been mapped
to chromosome 13q12-13.23 Together, these two genes

robably account for the majority of hereditary breast
cancer (HBC), or 5% to 10% of all breast cancers.*?

The clinical aspects and the pathological character-
istics of the neoplasms in patients with HBC have not
been widely studied. From the limited data available, it
appears that patients with HBC may have a better than
or similar prognosis to patients with sporadic tumors.%®
This result is surprising because several studies have
indicated that breast cancers arising in patients with
HBC have pathological characteristics such as high
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higher nuclear grade, contained a higher population of proliferating
cells, showed increased expression of DNA topoisomerase H-alpha
(topo I-alpha), lacked hormone receptors, and were more likely to
show immunopositivity for the p53 tumor suppressor gene. Addition-
ally, tumors from patients with HBC showed a decreased angiogenesis
compared with controls. The decreased angiogenesis and the elevated
expression of topo H-alpha (an anticancer drug target) may, in part,
explain the lack of correlation between clinical course and histologi-
cal characteristics in patients with HBC. HuM PaTHOL 29:1140-1144.
Copyright © 1998 by W.B. Saunders Company

Key words: hereditary breast cancer, BRCA1, BRCA2, immunohis-
tochemical staining, DNA topo [-alpha.

Abbreviation: HBC, hereditary breast cancer.

nuclear grade, high proliferation indices, absent hor-
mone receptor status, and increased p53 immunoposi-
tivity; features that are usually associated with more
aggressive disease.”%13

In an effort to understand more fully this apparent
paradox between relatively favorable clinical course and
poor pathological indicators, we evaluated the pathologi-
cal characteristics of breast carcinoma in 21 patients
with known BRCA1 mutations and in 13 patients with
known BRCA2 mutations and compared them with the
pathological characteristics observed in breast carci-
noma from 20 patients with non-HBC. The padents
selected for comparison were consecutive cases ob-
tained from a single institution and were not matched
to the case groups. Several new histological parameters
that may have important prognostic implications in
breast cancer, and have not been previously studied in
this group of tumors, such as DNA topoisomerase
Il-alpha and tumor microvessel density, have been
evaluated.'*1

MATERIALS AND METHODS
Patient Characteristics

Breast cancer tissue was available from 21 padents with
BRCA1 mutations (one patient had metachronous, bilateral
breast cancers, and consequently, there were a total of 22
cases), and from 13 patients with BRCA2 mutations, represeRt-
ing nine BRCAI families and six BRCAZ2 families (Table 1).
Each identified mutation was unique, with the exception O
kindreds 1001 and 2301.1517 Germline mutations were identi-
fied by full genomic sequencing for 20 of 21 (95%) of BRCAI
patients and 10 of 13 (77%) of BRCAZ2 patients. The other
cases were included based on a high lod score and shared
haplotype among breast cancer cases (Table 1). A group of 20
sporadic cases of breast cancer were retrieved from the
surgical pathology files at the University of Utah and were not
matched to the BRCAL or BRCA2 cases. The genotype status
of the patients was blinded to the reviewing pathologist. All
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. TABLE 1. Mutations
7
" No. of .
Kindred Patients Mutation
BRCAl :
1001 1 SP-FS,IVSS(—II,T>G,59bp
. ' ins)
1901 1 FS, 188 del 11
2035 4 Del, 14 Kb
2082 R 1 NS, Gln 1313 ter
2099 <2 MS, Met 1775 Arg
2301 3 SP-FS, IVS5 (=11, T > G, 59 bp
ins)
2305 3 FS, 2082 del 5
2331 1 Linked
2373 1 FS, 3875 del 4
BRCA2
107 3 FS, 277 del AC
1018 2 FS, 982 del 4
2044 3 FS, 4766 del 4
2327 2 lod score 1.92
2367 2 SPIVS2 (+1,G > A)
2388 1 lod score 0.92

Abbreviations: SP, splice site; FS, frame shift; NS, nonsense; MS,
missense; IVS, intervening sequence; del, deletion; ins, insertion.

slides were reviewed to confirm the diagnosis and given a
modified Bloom-Richardson score.!® The use of human tissue
for this work was approved by the Institutional Review Board

at the University of Utah.

Chemicals and Antibodies

The source of the chemicals and antibodies used were as
described. In addidon, andbodies against the von Wille-
brand factor and p53 (clone DO-7) were from DAKO (Carpin-
teria, CA).

Immunohistochemical Staining
and Interpretation

Immunohistochemical staining of histological sections
prepared from human breast cancers was performed as
described in detail elsewhere.!4 Briefly, slides were deparaf-
finized and heated (except for HER2/neu, which does not
require the heating step) in 10 mmol/L sodium citrate (pH
6.0) for 30 minutes in a microwave oven. After cooling,
immunohistochemical staining was performed with the use of
a Ventana 320 automated immunohistochemical stiner in
accord with the manufacturer’s instructions. Detection was
with a secondary mouse anti-immunoglobulin linked to biotin
followed by incubation with streptavidin linked to horseradish
peroxidase. Color development was accomplished with diami-
nobenzidine as the chromogen.

The diludons of the antbodies used in immunohisto-
chemical staining were as follows: topo [M-aipha, 1:500; MIBI,
1:40; estrogen and progesterone receptors, 1:60; Her2/neu
(c-erb-2): 1:800; Factor VIII: 1:1600; p53, 1:80.

Topo ll-alpha and MIBI were expressed as the topo
II-alpha or MIBI index, respectively. This was performed as
described and represents the percent of positive staining
cells." Evaluation of p53 expression was performed in a
similar fashion. At least 500 tumor cells were counted, and the
number of positive p53 staining cells was determined. Evalua-
ton of p53 immunostaining has not yet been standardized.
Authors have used as litde as 1% to greater than 20% cell
positivity as a positive interpretation, suggesting gene muta-
tden and accumulation of mutant protein.'*!*?! Independent

research evaluating neuroendocrine lung tumors and breast

carcinomas found greater than 20% positivity to be significan;
both for missense mutations as weil as patient prognosis.20.21
Therefore, in this study, neoplasms that contained greater
than 20% nuclear immunostaining were considered positive,
and tumors that contained 20% or less immunostzjning were
considered negative. Overexpression of Her2/neuy was ob-
served by noting any distinct membrane staining of the tumor
cells as described** Hormone receptor staining was inter-
preted as positive if nuclear staining was observed in greater
than 20% of the cells, and negative when 20% or fewer of the
cells showed positive staining. Microvessel density was deter-
mined as described.?2 After staining with factor VIII, the slide
was evaluated to determine the area with the highest intensity
of staining. The number of vessels were counted in four 20%
fields. The lowest count was discarded, and the remaining
three counts averaged and expressed as the number of vessels
divided by the size of the microscopic field.

Statistics

For continuous, numerical values, a ttest was used to
compare groups. Otherwise, chisquare or Wilcoxon rank-
sum test were applied.” Statistics were performed with the use
of Statworks (Abacus Concepts, Inc., Berkeley, CA), Macin-

tosh computer program.

RESULTS

Clinicopathologic Features of Patients
With HBC and Non-HBC

Breast cancer develops at an earlier age in HBC
than in non-HBC. The median age of onset was 42.4
years in BRCAIl padents (P<.001, versus sporadic
controls), 48.4 years in BRCA2 patents (P = .04, versus
sporadic controls), and 60.6 years in sporadic cases
(Table 2). Patents with HBC have tumors of higher
grade (P<.001 and P=.009 for BRCAI cases and
BRCA2 cases, respectively). The mitotic score was in-
creased in the BRCAI group versus the control group
(P =.003). The BRCA2 group had more tumors with a

TABLE 2. Clinicopathologic Features of Hereditary
and Nonhereditary Breast Cancer

BRCAI BRCA2 Non-HBC
Age
(mean) 42,41 48.8* 60.6
(range) (21-63) (34-78) (3387)
Tumor grade
1 1(4%) 4 (31%) 7 (35%)
2 7(32%) 6 (40%) 10 (50%)
3 14 (64%)t 3(23%)t 3 (15%)
Mitotic score
1 5(22%) 6 (45%) 17 (85%)
2 3 (14%) 3(23%) 0(0%)
3 14 (69%)t 1(31%) 3(15%)
Estrogen receptor
Positive 5 (23%) 5 (38%) 16 (80%)
Negative 17(77%)t 8 (62%) 4 (20%)
Progesterone receptor
Positive 5(23%) 5 (38%) 16 (80%)
Negative 17 (17%)t 8 (62%) 4 (20%)
NOTE. P values represent differences compared with the non-
HBC group.
*P < .05.

P < .005.
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mitotic score of 3, but the difference was not statistically
significant (P = .075). Additionally, the BRCAI group

“also displayed an increase in nuclear pleomorphism

versus sporadic controls (P = .043, data not shown).
Medullary features were idendfied in 2 of 22 (9%)

. BRCAI casés and in zero BRCAZ2 cases. Lobular features

were seen in 2 of 22 (9%) BRCAI casesand 1 of 13 (8%)
BRCAZ2 casges. Tubular differentiation was seen in 2 of 22
(9%) BRCAL cases and 3 of 13 (23%) BRCAZ2 cases. For
both BRCAI- and BRCA2-related breast cancer, there
was a decrease in estrogen and progesterone receptor
positivity versus sporadic controls, but only the BRCA1
population was statistically different (Table 2).

Proliferation Markers in HBC and Non-HBC

Because of the higher mitotic scores in tumors
from patients with HBC, we postulated that these
neoplasms would express higher levels of the prolifera-
tion markers, topo Il-alpha, and MIBI, than would
tumors from patients with non-HBC. The average topo
II-alpha index of 53 and MIBI index of 57 for BRCAl
tumors is significantly higher than the topo II-alpha
index of 24 and MIBI index of 29 for the sporadic
tumors (both P < .001, Table 3). Tumors from patients
with BRCA2 mutations fall between these two values
with an average topo Il-alpha index of 35 and an
average MIBI index of 40. As shown in Figure 1, topo
II-alpha indices correlate well with MIB1 indices in all of
the breast cancers groups studied (correlation coeffi-

cient, R = .93).

Her2/neu, p&3. and Microvessel Density
in HBC and Non-HBC

Expression of Her2/neu was a relatvely rare event
in all of the breast cancers studied and was not statisti-
cally different between padents with HBC and non-
HBC. As shown in Table 3, only one tumor with a
BRCA1 mutation, one tumor with a BRCA2 mutation,
and three tumors in the control population expressed
this oncogene. In contrast, tumors from patients with
HBC showed an increased frequency of p53 immu-

TABLE 3. Immunohistochemical Staining
Characteristics of Hereditary and Nonhereditary
Breast Cancer

BRCALl BRCA2 Non-HBC
Topo I alpha
(mean = SD, %) 53 = 26t 35 = 22 24 = 19
Mibl (mean = SD, %) 57 = 28t 40 =18 29 = 19
Her2/neu expression
Positive 1(5%) 1(8%) 3 (15%)
Negative 21 (95%) 12 (92%) 17 (85%)
p53 Immunopositivity
Positive 8 (36%)* 5 (38%)* 2 (10%)
Negative 14 (64%) 8 (62%) 18 (90%)
Microvessel denstty
Microvessels/mm?
(mean = SD) 156 7.8 146+99 227118

-NOTE. P values represent differences compared with the non-
HBC group.

*P=< 05.

tP =< .005.
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FIGURE 1. Correlation of the topo ll-alpha and MIB1 indices in
HBC and non-HBC. The topo ll-alpha and MIB1 indices were
determined as described in Materials and Methods. They have
been divided by 100 and expressed as the fraction of positive
staining tumor cells. The comelation coefficient between the
topo ll-alpha index and MIBT index is 0.93 (@ = BRCAI;
N = BRCAZ; A = non-HBC).

nopositivity. Using a cutoff point of 20% as shown in
Table 3, 10% of sporadic tumors were p53 immunoposi-
tive, whereas 36% of BRCAI patients and 38% of
BRCAZ2 patients were p53 positive (P = .04 and P = .05,
respectively; chi-square analysis). If p53 positivity was
compared as a continuous variable, the BRCAI and
BRCA2 groups retained statistical significance (P = .021
and P=.012, respectvely) compared with the non-
HBC group. However, if a cutoff point of 10% was
applied, the BRCAI group remained statistically signifi-
cant (P = .05), whereas the BRCA2 group did not. The
microvessel density was less in tumors from HBC pa-
tients than in tumors from non-HBC padents. The
average microvessel density score was 15.5 in BRCAI
patients (P = .03) and 14.6 in BRCA2 patients versus
22.7 seen in padents with non-HBC.

DISCUSSION

In this work, we evaluated the pathological and
clinical features of breast cancer arising in patients with
HBC. Several points of caution are indicated in interpret-
ing these results. Padents were accrued from families at
high risk for HBC, and consequently do not representa
cross section of the population. The number of patients
included is small; hence, the statistical power is limited.
The control group was not matched for any prognostic
factors such as stage, age, receptor status, or nodal
status. Thus, multiple biases are possible. It was a series
of sequential cases at a single hospital, and as such, it
allows comparison with other series. Additionally, the
use of “cutoff’”’ values is not uniform in the literature.
Both the BRCAIl and BRCA?2 groups were significant
compared with the non-HBC group with a cutoff point
of 20%; however, the BRCA2 group lost significance
with a cutoff point of 10%. The selection of a cutoff
value for interpreting p53 positivity in breast carcino-
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mas is critical to select differences and for evaluating
‘prognostic significance.? .

* In this study, the BRCA1 cases or the BRCA? cases
were significantly different compared with the non-
.matched control group in terms of age, tumor grade,
mitotic score, ER positivity, PR positivity, topo [T-alpha
‘staining, Mibl statining, p53 immunopositivity, and
microvessel depsity (Tables 2, 3). The only significant
difference between the BRCAI and BRCA2 groups was
found for tumor grade (P < .05) with high-grade tu-
mors observed for 64% of BRCAI cases and 23% of
BRCA2 cases (Table 2).

In confirmation of previous data, we found that the
age of onset in patients with HBC is roughly a decade
earlier than in patients with non-HBC.”? The frequency
of medullary and lobular features in BRCAI- and
BRCAZ2-related breast cancer observed here is consis-
tent with previous reports.”!? In addition, patients with
HBC generally have neoplasms that show adverse histo-
logical features. These include tumors with high nuclear
grade, high proliferatdon indices, lack of hormone
receptor positivity, and an increase incidence of p53
immunopositivity. 57191213 In spite of these negative
prognostic markers, other investigators have shown that
padents with HBC have comparable or improved sur-
vival compared with patients with non-HBC.5924%5 [ 3
larger study that included 30 BRCAI patients and 20
BRCAZ2 padents, we evaluated overall survival compared
with sporadic controls matched for tumor size, age, and
date of diagnosis, and there were no differences in
survival at 5.0r 10 years.?* Thus, our data suggest that
survival is similar for BRCA1 patients, BRCA2 patients,
and non-HBC patients.

In one report of patients with BRCAl-related breast
cancers, grade was believed to segregate as a genetic
trait within families. Moreover, this was attributed to
mitotic index segregation, and a possible genotype-
phenotype correlatdon was suggested. Although our
patient numbers are small, especially when evaluated
per kindred (Table 1), our data do not confirm this
hypothesis. A normal range was observed for all evalu-
ated parameters within families, including grade, mi-
totic index, Mibl, topo [I-alpha, and p53.

To understand this apparent paradox between
histological findings and clinical course, we investigated
the expression of several markers, which have not
previously been evaluated in HBC. Amplification of
HER2/neu oncogene has been correlated with more
aggressive disease. The number of cases in our study
that showed increased expression of this oncogene was
too small to yield statistically significant results.

Microvessel density has also been suggested to yield
prognostic information in breast cancer. Low microves-
sel density suggests a more favorable clinical course. 1522
Interestingly, we found that the average microvessel
density score in tumors from patents with BRCAI-
related breast cancer was statistically lower than that
observed in a control group. The prognostic implica-
tons of microvessel density and its reproducibility is

‘controversial. It is possible that tumors arising in pa-
tents with HBC may have a decreased ability to undergo

angiogenesis compared with non-HBC tumors, and thjs
may modify the clinical course. Further studies will be
required to explore this observation.

Our proliferation data suggest another possible
molecular mechanism that may partially explain the
clinical response of patients with HBC to therapy. It has
been suggested previously that breast cancers with a
high population of cycling cells have a high likelihood
of responding to chemotherapy.? However, those fy.
mors that do not initially respond or in which a large
number of cells are not killed, would show an early
relapse.” Thus, the proliferation index of a breast
cancer could be viewed as showing both positive and
negative clinical correlations. We found, as others also
have, that tumors from patients with HBC have higher
proliferation indices than tumors from patients with
non-HBC.”81° In addition, we have shown in this study
that these high proliferation indices correlate with
increased expression of topo II-alpha. Topo II-alpha is
an enzyme elevated in proliferating cells, where its
function is to separate intertwined DNA strands before
mitosis. Although clearly a marker of cell proliferation,
topo Il-alpha is also the molecular target of many
clinically used antitumor drugs.!* Cells that express
high topo Il-alpha levels are drug sensitive, and cells
that express low topo Il-alpha are drug resistant. Some
of the drugs that target topo II-alpha such as doxorubi-
cin are used in the treatment of breast cancer. It is
possible that the increased expression of topo I-alpha
in HBC might play an important role in the relatively
favorable clinical response of these patients to chemo-
therapy. If resistant clones do not arise early in the
course of HBC, then the high proliferative indices in
HBC tumors could have positive prognostic implica-
tions. The decreased level of angiogenesis in BRCAl-
related tumors may reduce the rate of early metastatic
spread of tumor cells. The positive prognostic implica-
tons of high tumor cell proliferaton and decreased
angjogenesis might balance out negative indicators
found in this group of tumors such as increased fre-
quency of p53 immunopositivity, high nuclear grade,
and lack of hormone receptor positivity. Thus, it is
plausible mechanistically that patients with HBC may
have a similar clinical outcome to patients with non-
HBC. Further work correlating therapy and clinical
outcome with molecular markers in HBC and non-HBC
would be useful to answer this question.
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Ethnic differences in cancer incidence and mortality exist and are probably the
result of genetic and epidemiological risk factors. Genetic differences caused by
founder mutations are reviewed, with special emphasis on mutations in BRCAI
and BRCAZ2. Germline mutations in cancer susceptibility genes have been identi-
fied in individuals of all races and ethnic groups. Differences among ethnic groups
for cancer risks have been recognized, and a proportion of the differences may be
the result of founder mutations within these genes. The BRCA2 999del5 mutation
in Iceland and the three BRCAI and BRCA2 mutations in Ashkenazic Jews have
been well characterized and were easy to study because the patient population and
anonymous samples were readily available and ethnicity was known. Mutations in
BRCAI and BRC:2 probably account for approximately 3 to 10% of breast cancer
in the general population and a much higher proportion in those with a strong
family history of breast and ovarian cancers and in those of Ashkenazic Jewish
descent. However, no overall increased risk of breast or ovarian cancers exists
among Ashkenazic Jewish women compared with non-Jewish Caucasians. Some
ethnic variation in cancer risk may be explained by founder mutations identified in
cancer-predisposing genes. Knowledge acquired by studying the effect of a single
mutation in a well defined population may be applied to larger, more heteroge-
neous populations. Individuals from all racial and ethnic groups carry deleterious
mutations. Mutations are simply easier to find and characterize when identified in
a specific ethnic group. Cancer 1999;86:2575-82.
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Cancer is caused by both exogenous and endogenous factors. The
published probabilities of developing cancer are averages across
the population. They do not factor in individual behavior and risk
factors. Demographic factors include age, sex, race, socioeconomic
status, and geographic location.! With increasing age, there is an
increased risk for many cancers, including breast and prostate can-
cers. Sex is a risk factor for some cancers because some are sex-
limited (e.g., ovarian and prostate cancers), and others are more
common in one sex; e.g., breast cancer is 100 times more common in
women than in men.

Other risk factors include exposure to physical and biologic
agents (chemical exposures, drugs, infectious agents,and so forth),
which may increase risks of certain cancers such as lung and gastric
cancers.! Lifestyle factors, including alcohol use, smoking, diet, and
exercise, may also affect cancer risk.'! For breast cancer, known re-
productive factors such as age at menarche and menopause, age at
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TABLE 1
Examples of Founder Mutations Identified in BRCAI and BRCA2

Population Mutations

References

Ashkenazic Jews

BRCAI-185delAG, 5382insC; BRCA2-6174delT

Struewing et al.* Tonin et al,*
Neuhausen et al.®
Thorlacius et al.®

[celanders BRCA2-999del5

Dutch BRCAI-2804delAA, del510, del3835; BRCA2-5573insA Peelen et al.*' Petrij-Bosch et al.**
Norwegians BRCAI-1136insA Andersen et al.*

Swedes BRCAI-Q363X, 3166ins5, 1201dell, 2594delC; BRCA2-4486delG Johannsson et al.,*” Hakansson et al®

African Americans BRCAI-M1775R, 1832del5, 5296deld

Gao et al.®

first pregnancy, number of full-term pregnancies, and
oral contraceptive use are important.>® One of the
largest risk factors is a family history of cancer. Rela-
tive risks range from 2 to 9 depending on the type of
cancer, age, and number of first-degree relatives af-
fected by the disease.! Segregation analyses of pedi-
grees often suggest a genetic basis for the family his-

tory.

Ethnic Differences in Cancer Rates

Ethnic differences in cancer incidence and mortality
are well documented.® For example, African-American
men have the highest incidence of prostate cancer and
Japanese men living in Japan have the lowest inci-
dence.>" With migration to the United States, the rate
of prostate cancer increases in Asians,? suggesting that
diet or lifestyle factors contribute to development of
the disease.® It also has been hypothesized that a
portion of the observed ethnic differences in cancer
susceptibility may be explained by genetic factors
from mutations in rare genes that confer high risk''!
and/or trom alleles of specific genes that confer mod-
estly increased risk, such as androgen metabolism
genes.'>" Clear ethnic differences have also been ob-
served in breast cancer populations. Hispanic and Na-
tive American women have the lowest incidence of
breast cancer compared with non-Hispanic Cauca-
sians and African Americans. Hypotheses regarding
lifestyle, reproductive, and screening factors explain
some of the differences in breast cancer incidence.'*
However, the ways that different risk factors specifi-
cally act and interact to promote cancer are largely
unknown.

An endogenous factor that must be considered is
the role of inherited (germline) mutations in ethnic
differences in cancer risk. A genetic predisposition
probably accounts for approximately 5 to 10% of can-
cer. Genes for more than 20 cancer syndromes have
been identitied. Differences among ethnic groups for
cancer risks in some of these genes have been recog-
nized and are caused by a common germline mutation
within an ethnic group.

Ethnic differences may arise from founder effects,
which occur when a population is established by a
small number of people. Once the population ex-
pands, the mutation in one of the founders then be-
comes prevalent in a larger proportion of the popula-
tion. The evolutionary significance of founder effects
can be studied by following pedigrees for many gen-
erations and examining genetic relationships. Exam-
ples of populations in which founder effects are well
documented include Afrikaners of South Africa,'®
Finns,'® Ashkenazic Jews,'” and French Canadians.'®
Examples specific to cancer genes are a founder mu-
tation in APC found in Ashkenazic Jews,' one in
hMLH]I found in Finns,?° one in VAL found in Ger-
mans,?! one in CDKN? found in Dutch,*® and muta-
tions found in BRCAI and BRCA?2 in many different
groups.” This review focuses on founder mutations
identified in BRCAI and BRCAZ2, two genes that pre-
dispose individuals primarily to breast and ovarian
cancers.

Founder Mutations in BRCAT and BRCA2

For BRCAl and BRCA2, more than 300 mutations have
been identified in individuals of all racial and ethnic
groups.”*** As DNA from individuals is evaluated, re-
curring mutations are identified. These are then fur-
ther examined to determine if they are founder muta-
tions (e.g., a shared haplotype) or ones that arose two
or more times by chance. Founder mutations for
BRCAI and BRCA2 have been described in French
Canadians,®® Swedes,* Icelanders,*® Norwegians,*
Finns,* Dutch,*'** Russians,®® Japanese,* African
Americans,® and Ashkenazic Jews.**=** A partial list of
mutations is presented in Table 1.

Complex and controversial issues that arise from
genetic research pertain to who should be offered
predictive testing and when it should be done. An
important consideration for testing is the probability
that an individual with breast or ovarian cancer (or
both) will have a mutation in BRCAI or BRCA2. Esti-
mates are that the gene frequency of a major gene(s)
for breast cancer is 0.0033*° and of BRCAI is 0.006,*' so
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TABLE 2
Prevalence of the Icelandic BRCA2 Founder Mutation 999del5

No. of
Group No. accurrences Comments References
Breast cancer population-based 520 3{0.6%) Thorlacius et al.*
Families 21 16 {76.0%) 9/16 had male breast cancer Thorlacius et al.®
Male breast cancer cases 30 12 (40.0%) In the 9 families Thorlacius et al.*®
Female breast cancer cases 632 49 (7.7%) Thorlacius et al.*
Prostate cancer population-based 65 2(3.1%) Significantly worse survival Sigurdsson et al.®
TABLE 3
Frequency of BRCAI and BRCA2 Mutations in Ashkenazic Jews
Source No. 185delAG 5382insC 6174delT References
Population-based varied 0.8-1.1% 0.13-0.3% 09-15% Struewing et al.” Roa et al,*

Oddux et al.*®

BC < age 42 80 20.0% 4.0% 8.0% Neuhausen et al,” Offit et al.¥
BC 42-50 yrs 27 30.0% 4.0% 7.0% Neuhausen et al.*® Offit et al. ¥
BC only families 138 20.0% 5.0% 4.0% Tonin et al.®
B/O families 82 52.0% 16.0% 5.0% Tonin et al.**

BC: breast cancer; B/O: breast and ovarian cancers.
Reprinted from Genetic Testing 1997, 1:73-83.

that the likelihood of an individual carrying a muta-
tion is low. Many studies have been performed to
identify mutation prevalence and to develop probabil-
ity models to predict a mutation carrier before testing.
Much more information is available for the BRCA2
999del5 mutation in Icelanders and the three founder
Ashkenazic Jewish mutations because a large number
of samples are available. In addition, mutation detec-
tion is rapid and inexpensive compared with screen-
ing entire genes.

* The population prevalence and proportion of in-
dividuals with breast, ovarian, and prostate cancer
with the BRCA2 999del5 mutation in the I[celandic
population are shown in Table 2. This mutation in
Iceland is approximately 20 times more prevalent
(0.6%)** than the estimated allele frequency in the
general population.® In Icelandic breast cancer cases
unselected for a family history, it accounts for 7.7% of
female breast cancer diagnosed at any age and for 24%
of those diagnosed in women younger than 40 years.*?
[t also was the cause of disease in the majority (76%) of
high-risk breast cancer families studied.*® For males, it
accounts for 40% of male breast cancer and 3.1% of
prostate cancer.’ ** The risk ratio of prostate cancer
in first-degree relatives of mutation carriers is 4.6."
This mutation with the same haplotype has also been
seen in Finland.***

Table 3 is a similar table for the three common
mutations identified in Ashkenazi Jewish breast and

ovarian cancer patients. The population prevalence
for these three mutations combined is 2 to 2.5%,364546
which is approximately 10 to 50 times higher than the
allele frequency in the general population. Based on a
number of studies, approximately 30% of breast can-
cer diagnosed in those younger than 40 years and 39%
of ovarian cancer diagnosed in those younger than 50
years in this population are caused by one of the three
founder mutations.**~5! Therefore, even in the ab-
sence of a strong family history, Ashkenazic Jewish
women with breast or ovarian cancers have a much
higher probability than do non-Jewish women of be-
ing BRCAI or BRCA2 mutation carriers. However, even
though mutations in these genes are more common in
Ashkenazic Jewish women, there is little to no overall
increased risk of breast or ovarian cancers among
these women compared with non-Jewish Cauca-
sians.’? Egan et al.>? reported a suggestion of an in-
creased risk of breast cancer in Jewish women with a
family history, which could reflect the frequency of the
founder BRCAI and BRCA2 mutations.

In general, mutations in both BRCAI and BRCA2
in one individual are rare, given the frequency of mu-
tations. In the Ashkenazic Jewish population, the
BRCA1I 185delAG and BRCA2 6174delT both occur with
frequencies of 1%, so it is not surprising that Jewish
women with both BRCAI and BRCA2 mutations have
been identified®*** (Neuhausen, unpublished data).
Although these women are carrying two deleterious
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mutations, age of onset of cancer and prognosis do
not appear to be different than in those with only one
mutation.

The focus on the “Jewish” mutations has caused
concern in the Jewish community that BRCAI and
BRCAZ2 are peculiar to the Jewish people.>®®¢ But that
is not the case. BRCAl and BRCA2 mutations have
been identified in individuals of all racial and ethnic
groups. As referenced above, relatively homogenous
populations have founder mutations in which small
genetic alterations that cause disease are easy to find.
These groups (e.g., Ashkenazic Jews, French Canadi-
ans, Finns, Afrikaners) are then the first to be studied
because information obtained from studying the ef-
fect of a mutation in a well defined population may be
beneficial for determining effects in larger, more het-
erogeneous populations. The BRCAI and BRCA2 mu-
tations in Ashkenazic Jewish populations were easy to
study because the patient population and anonymous
samples from prenatal testing were readily available
and identified as being of Jewish ancestry. Ashkenazic
Jews do not have more defective DNA than any other
ethnic group does, and they do not have higher rates
of hereditary diseases than others. The same is true for
other ethnic groups in which founder mutations have
been identified.

Frequency of BRCA1 and BRCA2 Mutations

It is estimated that in the general population, approx-
imately 6 to 7% of breast cancer cases and 10% of
ovarian cancer cases averaged across all ages of onset
result from mutations in breast cancer susceptibility
genes.”” The frequency of BRCAI and BRCA2 mutation
carriers in women with breast or ovarian cancer (or
both) depends on the study population.

In a large clinic-based study, the minimum crite-
rion for entry was breast cancer at younger than 50
years or ovarian cancer at any age and a minimum of
one affected first-degree or second-degree relative
with breast cancer younger than 50 years or ovarian
cancer at any age.®® Mutations in BRCAI or BRCA2
were detected in 45% (50 of 101) of women with at
least two affected relatives and in 22% (20 of 89) of
women with only one affected relative.*® In non-Jew-
ish women with breast or ovarian cancer (or both)and
a family history of breast and/or ovarian cancer, the
risk of carrying a mutation in BRCAI and BRCA2 was
approximately the same as in Jewish women (38.7%
and 42.6%, respectively).*® The presence of a strong
family history of disease was a significant predictor of
the likelihood of carrying a BRCAI or BRCA2 mutation.

The results from this cohort of breast and/or ovar-
fan cancer cases with a strong family history can be
compared with those of other clinic-based studies and

those of population-based studies. In two clinic-based
studies that selected women based exclusively on age
of onset as a predictor of BRCAI status, 8% and 10% of
women younger than 35 and 30 years, respectively,
were found to carry germline mutations in the BRCAI
gene.’®® In a population-based study, Malone et al.%!
reported that of 208 Caucasian women diagnosed with
breast cancer before their 45th birthdays who had a
family history of breast cancer in first-degree relatives,
15 (7.2%) had germline mutations in BRCAIL In this
study, the younger the age at diagnosis of cancer and
the stronger the family history, the higher the percent-
age of mutations found. In another population-based
study, Newman et al.®? reported that BRCAI mutations
were found in only 3.3% (4 of 120) of Caucasian
women with breast cancer diagnosed between ages 20
and 74 years. Family history was the greatest predictor
of BRCAI mutation status, based on both number of
affected relatives and presence of ovarian cancer in a
relative.®? The conclusion from these studies is that
the stronger the family history of breast and/or ovar-
ian cancer and to a lesser extent, the younger the age
at diagnosis, the more likely a breast or ovarian cancer
case is to carry a mutation in BRCAI or BRCA2.

Most breast cancer studies have examined women
of Northern European ancestry. African American
women, who have a higher incidence of early onset
breast cancer,* have yet to be studied extensively. One
can infer from the available data for BRCAI that mu-
tations in African American differ from those in Cau-
casians and that there also may be founder effects in
this population. Three novel BRCAI mutations were
identified in five of nine (56%) African-American fam-
ilies screened for mutations.® In the population-
based study of Newman et al.,* no mutations were
identified in 99 African-American women with breast
cancer. This suggests that, as in Caucasians, the inci-
dence of BRCAI mutations in African Americans is
most likely to occur in patients with a strong family
history of breast cancer and a young age at diagnosis.

Models have been developed to predict the likeli-
hood that a woman has a germline BRCAI or BRCA2
mutation.®®%-% [n two separate studies, researchers
at the University of Pennsylvania (Philadelphia, PA)**
and at Myriad Genetic Laboratories (Salt Lake City,
UT)* screened for mutations in BRCAI then used
logistic regression analysis to develop models to eval-
uate the probability of a woman carrying a deleterious
mutation. For the model developed by Couch et al.,*®
the predicted probability is the same for a woman with
breast or ovarian cancer and for her family. Regression
variables included age at diagnosis, family history of
breast and ovarian cancer, both breast and ovarian
cancer in a single family member, and Ashkenazic
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TABLE 4
Estimated Cumulative Risks of Developing Breast and Ovarian Cancers
Breast cancer Ashkenazi- Population
by age BCLC-BRCAI®® BCLC-BRCAZ® BRCAI/BRCA2™ w/BRCA,® General population®
30 0.036 {0-0.14/ 0.006 (0-0.019) 0 0.017 0.0002
40 0.18 {0-0.35: 0.12 (0-0.24) 0.15 (0.07-0.23) 0.144 0.005
50 0.49 (0.28-0.64} 0.28 (0.09-0.44) 0.33 (0.23-0.44) 0.376 0.01
60 0.64 (0.43-0.77; 0.48 (0.22-0.65) 0.54 (0.38-0.68) 0.548 0.02
70 0.71 {0.53-0.82; 0.84 (0.43-0.93) 0.56 (0.40-0.73) 0.647 0.04
Ovarian 0.42 0.27 (0-0.47) 0.16 {0.06-0.28) 0.10 0.01

BCLC: Breast Cancer Linkage Consortium; BRCA,;: any breast cancer susceptibility gene including those not vet identified.

Jewish descent. The model developed by Shattuck-
Eidens et al.** included the above variables as well as
the type of cancer and number of affected relatives. In
a recent analysis, Frank et al.®® calculated the proba-
bility that a woman with breast and/or ovarian cancer
who has a strong family history of breast and ovarian
cancer is carrying a BRCAI or BRCA2 mutation. In this
cohort, Ashkenazic Jewish status was not included in
the predictive model, because the Ashkenazic Jewish
group did not have a significantly different percentage
of mutations compared with the non-Jewish group.
These results suggest that a strong family history is a
powerful predictor of the likelihood of carrying a mu-
tation, regardless of ethnicity.®® Researchers at Duke
University®®®® developed a model to evaluate the
probability that a woman carries a mutation in BRCAI
or BRCAZ2, based on her family history of breast and
ovarian cancers. Using a Bayesian approach, the Duke
researchers incorporate information about the fami-
ly’s possible genetic status, age-specific incidence of
breast and ovarian cancers in carriers, and mutation
prevalence in the population. These values can be
changed to customize the model for subpopulations.
For example, for Ashkenazic Jewish women, different
allele frequency and age-specific penetrance are used
in the calculation to obtain more accurate estimates
for use in counseling.

Likelihood of a Mutation Carrier Developing Cancer

Determining the probability that an individual is car-
rying a BRCAI or BRCA2 mutation is only half of risk
assessment. The other probability that must be deter-
mined is the likelihood of a mutation carrier develop-
ing cancer by a given age (i.e., age-specific pen-
etrance). This is the point at which risk assessment
becomes especially problematic, because all the fac-
tors that contribute to the development of cancer have
not been identitied. Not all individuals who carry mu-
tations develop breast cancer or any other cancer.

Expression is variable. For example, BRCA2 mutation
carriers may develop breast cancer, ovarian cancer,
pancreatic cancer, fallopian tube cancer, or ocular
melanoma. Even among families with founder muta-
tions, there appear to be differences in age of onset of
cancer and in the type of cancers that develop.?5-2837:67
Expression and penetrance can vary from early onset
bilateral breast cancer with ovarian cancer to late-
onset breast cancer and from no other cancers in the
family to additional cancers such as prostate, pancre-
atic, and other cancers. Therefore, it is not possible to
assign mutation-specific risks. However, it is impor-
tant to provide individuals with estimates of the like-
lihood of developing cancer.

The risk of developing breast or ovarian cancer
when carrying a mutation varies in relation to the
cohort studied (Table 4). The Breast Cancer Linkage
Consortium (BCLC) risk estimates®®®® are derived
from families with several affected breast and or
ovarian cancer cases. The estimates of Struewing et
al.”®, which are for Ashkenazic Jews with any of
three founder mutations, appear to be lower than
the BCLC estimates. However, the estimates are not
inconsistent, given that the confidence intervals
overlap and both have similar risks (55%) by age 60.
The existence of true differences could be explained
by ascertainment- or mutation-specific differences.
The Claus estimates®® are for individuals in the
general population who carry a susceptibility allele
(g = 0.0033). The risks for developing breast or
ovarian cancer are high for mutation carriers, re-
gardless of the variation in the estimates. They may
be lower in those mutation carriers with little or no
family history. The general population rates are also
shown,' and they are relatively low. Estimates are
that 1 in 8 women in the United States will develop
breast cancer over the course of a lifetime, which
includes the 5 to 10% of women carrying a high-
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penetrance gene predisposing to breast and/or
ovarian cancers.

BRCAI and BRCA2 mutations are certainly impor-
tant determinants of risk for breast and/or ovarian
cancers, but they are not the only ones. Many women
who have a family history of breast and/or ovarian
cancer and do not have a BRCAI or BRCA2 mutation
may have a mutation in undiscovered genes. More-
over, some women may be BRCAI or BRCA2 mutation
carriers in the absence of a strong family history. This
is especially true in women of Ashkenazic Jewish de-
scent. For a subset of women, better predictions about
their likelihood of developing breast and/or ovarian
cancer at an early age can be made using BRCAI and
BRCA?Z test results. However, even knowing mutation
status does not always allow for valid risk estimates.
Missense mutations are a good case in point, because
the role of most of them is unknown.

CONCLUSION

One conclusion that can be drawn from this area of
research is that there is ethnic variation in cancer risk
that is probably the result of both genetic and epide-
miological factors. Many genes have been isolated that
are known to predispose humans to cancer. Founder
mutations have been identified in many of these genes
in different ethnic groups. Their further characteriza-
tion is important because it will allow for more accu-
rate risk assessment and more astute genetic counsel-
ing. However, the presence or absence of a founder
mutation does not exclude the possibility of another
mutation.

The risk of breast and ovarian cancers in mutation
carriers is much higher than that in the general pop-
ulation, even given variable estimates depending on
the population studied. Although estimates for risks of
developing other cancers are not generally available,
genetic counselors and physicians must be aware of
the possibility of increased risks for other cancers as
well.

Knowledge of which factors—genetic, environ-
mental, or both—affect cancer development is es-
sential for designing effective screening methods,
providing information on ways to reduce cancer
risk, and developing effective treatments once can-
cer develops. By studying the effect of a single,
frequent mutation (founder mutation) in a well de-
fined population, knowledge is gained that can be
applied to larger, more heterogeneous populations.
The founder mutations in BRCAI and BRCAZ2 in
Ashkenazic Jewish populations are the first to be
examined in detail, and the data that are generated
as a result of these studies are likely to provide
information that will aid in the development of

strategies for more successful prevention and treat-
ment of breast and ovarian cancers.
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Numercus founcer mutations have been reported in BRCA! and BRCA2. For gereuc
screening of a copulation with a founder mutation. testing can e targeted to the mutation.
allowing for a more racic and less expensive test. In addition. more precise estimates of the
prior orobabiiity of carrying a mutation and of the likelihood of a mutation carrier developing
carcer shoulc be possibie. For a given founder mutation a large number of carmers are
availaole. so that focused scientific studies of penetrance. expression. and genetic and
environmental modifiers of nisk can be performed. Finally. founder populations may be a
powertul resource to leocalize additional breast cancer susceptibiiity loci. because of the

reduction in locus heterogeneity.
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Introduction
Ethnic differences in the prevalences of many diseases

have been observed. For example. sickle-cell anemia in
individuals of African descent. Tay-Sachs disease In
Ashkenaz! Jews [1]. and approximately 30 diseases in
Finland [2] are more prevalent than in other populations. A
likely reason for a preponderance of a disease in a specific
population is a founder effect. Founder effects occur when
a population is established by a small number of people or
when a bottleneck occurs that reduces the population to a
small number. When population expansion occurs, the
mutation in a founder becomes prevalent in a larger pro-
portion of the population. There may also be a selective
advantage to the mutation carner. By following genetic
relationships over many generations, the significance of
founder effects can be studied. Diamond and Rotter [3]
reviewed studies of the Afrkaner population of South
Africa. In 1652, one tounding :mmugrant carrnted a gene for
Huntington's chorea and one drother—sister pair carried a
gene for hipoid protenosis. The resuit of founder effects 1s

that these diseases are more common i South Africa
than in Holland from where the carriers emigrated.

Founder populations can be useful in genetic studies, par-
ticularly for genetic mapping of complex traits. There is
little genetic heterogeneity, so that the majority of individu-
als with disease will carry the same gene mutation.
Linkage disequilibrium between the site of the gene and
close markers will exist, so that shared regions of the
genome cosegregating with disease can be more readily
discerned. As an example, Hirschprung's disease has
been described in individuals of many different back-
grounds. Using a Mennonite population, in which all
affected individuals could be traced to a single common
ancestral couple, one of the genes for the disease was
localized and subsequently identified [4].

Once founder mutations are identified. researchers are
able to examine prevalence of mutations in different popu-
lanons and mutation-specific effects on penetrance and
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disease phenotype. Possibly, better estimates of risk for
individuals in populations with founder mutations can be
calculated. This editcrial focuses on founder populations
in genetic studies of oreast cancer.

Prevalence of mutations in BRCA7 and BRCA2
BRCAT and BRCA2. two genes predisposing to breast
and ovarian cancers. were isolated in 1994 and 1995,
respectively [5.6]. Since that time, researchers have been
screening for mutations in high-risk breast and/or ovarian
cancer famiies and in population-based samples of
women with these cancers to determine the prevalence
and range of mutations. Over 1300 distinct variants have
been found across all population groups, of which approxi-
mately 700 are identified as causal (7,8]. A number of
these mutations have been identified multiple times [8].
Many of these common mutations have been classified as
founder mutations on the basis of a shared haplotype in
the genomic region containing the gene. Founder muta-
tions for BRCAT and BRCA2 have been described in
numerous pepulations (Table 1). as well as across popula-
tions. For example. BRCA7 5382insC has been reported
in individuals of Jew:sh. Dutch. Lithuanian. Russian. Hun-
garian, Germanic. French. Italan. British. and French-
Canadian ancestry [8]. This suggests that this is a rela-
tively old mutation that has spread through migration.

Relative ages of severai founder mutations have been
investigated oy examining the distance over which haplo-
types are conserved {2.10]. Based on the general age of a
mutation and historic data on migration and social pat-
terns. the origin anc subsequent migration of specific
mutations may be described. Now that a large number of
mutation carrers have been identified the Breast Cancer
Linkage Consortium s undertaking such a study for a set
of founder mutations.

Assessment of risk

Genetic screening
Since the isolation of BRCAT and BRCAZ, genetic testing

for mutations 1s becoming more common in clinical genetic
practice. Important considerations are who should be offered
predictive testing and when 1t should be done. In general,
mutations in BRCA7! and BRCAZ2 are rare, probably
accounting for less than 5% of breast cancers and 10% of
ovarian cancers in the population [11,12]. The frequency of
BRCAT and BRCA2 mutation carriers in women with breast
and/or ovarian cancer is dependent on the study population,
and is highest in young women with breast cancer who have
a strong family history or breast and/or ovaran cancers. An
essential issue for testing is the probability that an individual,
with breast or ovanan cancer or with a family history of
cancer. will carry a mutation in BRCA 1 or BRCAZ. Probabil-
ity models have been developed to predict the likelihood of
being a mutation carrier before testing [13-16]. Prior proba-
bilities vary depending on the model used.

Table 1

Exampies of BRCA1 and BRCAZ tounder mutations

Mutatcn Reference

Population

BRCA7 943ins10
BRCAT M1775R

African—Americans [40.41)

BRCAT 185delAG [31,34,38]

BRCA1 5382insC
BRCA2 6174delT

BRCA7 VS35 +3A>G (42]
[17,43]

Asnkenazi Jews

Belgians
Dutch BRCA1 2804delAA

BRCAT71IVS 21-36del510

BRCA7IVS 12-1643 del3835

BRCA2 5573insA

BRCA1 3745delT [27]
BRCATIVS 112 A>SG

Finns

BRCA2 999del5
BRCAZ2IVS23-2A>G

BRCA7 R1443X [39.44)

B8RCA2 8763delAG
BRCA71 5382insC {45]

Frercrn~Caradians

Cermans
BRCA: Cs81G

BRCA2 98Gcei5 (28]
BRCAi C81G f48]

Icelanders
Latvians
BRCA! 3382insC
BRCA 4133delA
Norwegtans BRCA 1 16735delA [47-49]
BRCAI 1135insA
BRCA15382insC [50]
BRCA 1 3153deiA

BRCA1 Q553X [51]

Russians

Swedes
BRCA7T 3166ins5

BRCA11201del11
BRCA1 2594deiC
BRCAZ2 4486delG

For genetic testing, there are several advantages to
knowing the founder mutation(s) in a population. First, a
more accurate estimate of the prior probability of carrying a
mutation should be possible. Second, for mutation detec-
tion, testing can be targeted to the founder mutation, allow-
ing for a more rapid and less expensive test. Third, most of
the mutation detection techniques are unable to detect
large deletions and insertions, so that these types of muta-
tions, which may account for 5-15% of deleterious muta-
tions, would be undetected. If one of these mutations is




known in the population. however. a technigue that detects
it can be used for mutation screening. For instance. there
are two large deletion founcer mutations in the Dutch that
would not be detectable with standard techniques [17].

Age-specific penetrance

Once an unaffected mutation carrier is identified. the
question becomes what is the likelihood that she will
develop cancer by a given age (age-specific penetrance).
ft is especially difiicult to answer. because not all factors
that contribute to the develocment of cancer are known. A
proportion of individuals who carry mutations will not
develop breast cancer or any other cancer. On the basis
of estimates from population-based studies of women
aged 40 years or younger to estimates from high-inci-
dence breast cancer families of Northern European
descent. the cumulative risk of breast cancer by age 70
years for BRCA? and BRCA2 mutation carriers is
between 40 and 80% [18-20]. Mutation-specific differ-
ences may also be important. There are regions in BRCA 1
and BRCAZ2 in which mutations confer higher risks for
developing ovarian cancer: 3" of codon 1435 in exon 13
of BRCAT [21] and a 3.3 kilobase region of exon 11 in
BRCAZ2 (denotec the Ovarian Cancer Cluster Region)
(22]. It 1s unclear whether the differences in risk for ovarian
cancer are due o a difference in penetrance of the muta-
tions for breast cancer or ovarian cancer., or both. For
BRCAZ2. it has been suggested that the breast cancer risk
remains the same. but that the ovanan cancer risk
increases [20]. Exoression is also varable [23]. In a popu-
laton with a defined founcer mutaticn(s}. more accurate
assessment of the likelihcod of developing cancer for a
mutation carrier should be gossible.

Founder mutations

BRCA17 and BRCA2
An example of a recurrent, founder mutation is the BRCA2

999delS5 mutation in the Icelandic population. No other
BRCA2 mutations have been reported in this population.
The 998del5 is approximately 20 times more prevalent
(0.6%) [24] than the estimated allele frequency of BRCA2
in the general worldwide Caucasian population [25]. This
mutation with the same haplotype was also found in
Finland [26,27]. In lceland. it was the cause of female
breast cancer in the majority (769} of 21 high-risk breast
cancer families studied [28]. In nine of those 16 families,
male breast cancer was also present (28] In 632 Ice-
fandic breast cancer cases unselected for a family history,
7.7% of temale breast cancer diagnosed at any age and
247 of those diagnosed at age 40 years or younger
carried the BRCAZ 999del5 mutation [24]. This mutation
15 also responsibie for a proportion ot prostate cancer, as
it accounted tor 3.19% (in two out of 65 individuals) of
prostate cancer cases N a popuiation-based series of
cases [29]0 Because this s the vniy BRCAZ2 mutation
found n leeland. genete testing can be targeted to this

http://breast-cancer'research.com/contentIQ/Q/O77

mutation. Second. because there are a large number of
individuals, both symptomatic and asymptomatic, who
carry this mutation, it may be possible to develop more
accurate risk estimates for mutation carriers. Age-specific
penetrance has been caiculated to be 17% by age 50
years and 37.2% by age 70 years [30]. This is a lower fre-
quency than that reported in other studies of BRCA7 and

BRCAZ2 penetrance.

Three founder mutations have been observed in Ashkenazi
Jewish breast and ovarian cancer patients. The BRCA2
6174delT mutation has been seen only in Ashkenazi Jews
[31], with a frequency of 0.9-1.5% [32.33]. The founder
BRCA1 185delAG mutation, with a frequency of
0.8-1.1% in Ashkenazi Jews [32,34], is also observed in
Sephardic Jews, indicating an older origin. The 185delAG
mutation has also been observed in individuals of English
origin but on a different haplotype. which suggests a dif-
ferent origin. The third founder mutation, BRCA7
5382insC. has a frequency of 0.13-0.3% in Ashkenazi
Jews. The 5382insC mutation is observed in many popula-
tions. and the vast majority of carriers share the same core
haplotype iSzabo C. personal communication). The popu-
lation prevaierces for these three mutations combined is
2-2.5% (32-34], which s approxmately 10-50 times
higher than the allele frequency :n the general population.
Few other BRCAT or BRCA2 mutations have been identi-
fied in Jew:sh breast or ovarian cancer cases. In this popu-
lation. acproximately 30% of breast cancers diagnosed at
less than 40 years of age and 385 of ovanan cancers
diagnosec at less than 50 years of age are caused by
these mutations {35.36]. Thus. Ashkenazi Jewish women
with breast or ovarian cancers have a much higher proba-
bility than non-Jewish women of being BRCA1 or BRCA2
mutation carriers. Because these mutations are so
common in Ashkenazi Jewish women, they are commonly
tested as a panel. regardless of whether a mutation has
already been identified in a family member. A woman may
carry a second mutation not present in the first family
member tested and. by testing the panel. it is detected.
Without knowledge of the founder mutations, a false-neg-
ative test result for an individual with a mutation-specific

test could result.

Even among families with founder mutations. there appear
to be differences in age of onset of cancer and in the type
of cancers that develop [28,37-39]. This suggests that
there are both genetic and lifestyle factors that modify
penetrance of BRCA1 and BRCAZ2. By studying a cohort
of individuals with the same mutation. one may be able to
distinguish factors that affecting penetrance, because
there will not be a confounding effect from genotype—-phe-
notype correlations from location of the BRCA1/BRCAZ2
mutation in the ndividual. Once a risk factor 1s identified in
one subgroup of mutation carriers it would need to be
tested across other mutation carriers, Subsequently, it

79




80

Breast Cancer Research Voi 2 No 2 Neuhausen

would need to be tested in a population-based case—
control study. in order to determine how important the risk
factor is in the general population.

Other genes
BRCAT and BRCAZ mutations are certainly important
determinants of risk for breast and/or ovarian cancers. but
they are not the only ones. Many women, who have a
family history of breast and/or ovarian cancer and do not
have a BRCA1 or BRCA2 mutation. may have a mutation
in undiscovered genes. After accounting for BRCA7 and
BRCA2. Peto et al [12] suggested that there are several
other genes. possibly of lower risk. that account for a pro-
portion of breast cancers. This complexity makes localizing
additional genes problematic. Studying families identified
from populations in which there are likely to be founder
mutations may be extremely useful for localizing additional
genes. For example. in Iceiand researchers may have been
able to localize BRCA2 by studying male breast cancer
cases from high-risk families and looking for regions of the
genome with excess sharing. Researchers have sug-
gested studying high-nsx Ashkenaz! Jewish breast cancer
families that do not have a BRCA 7 or BRCA2 mutation in
orcer (o iccalize BRCAS. Locaiizaton will be promoted by
minimizing the effects of genetic heterogeneity.

Conclusion
Founder mutations allow for focused scientific studies of

peretrance. expression. and genetic and environmental
modifiers of risk. The results from these studies may be
very usefui for understanding the roie that these genes
play in the :ncidence of breast cancer in order to target
genetic testing, to provide :ndividual risk assessment, and
to design better therapeutic strategies. Localization
studies to find BRCAS. using founder populations, may be
more successful than traditionai linkage studies. which
have not yet yielded positive localization results. These
types of studies, utilizing founder populations and muta-
tions. are not unique to breast cancer genetics, and are
being used successfully to understand other diseases.
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ABSTRACT

Genetic testing for mutations in BRCA/ and BRCA2, two genes predisposing to
breast and ovarian cancers, is available to women with a relevant family history.
The aim of this study was to estimate the positive and negative predictive value of
clinical sequence analysis of these genes. A reference graph showing positive and
negative predictive values ove.r a range of pre-test risk was derived, taking into
account the sensitivity and specificity of a full-sequence analysis test. High
positive and negative predictive values were found for women with pre-test risk
between 4% and 40%, a range of risk commonly seen in clinical testing. The
predictive value of full sequence and single site analysis of BRCA/ and BRCA2
therefore compares favorably with other diagnostic medical tests. Our results
provide a numerical estimate of the predictive value of BRCA testing, and as such,

provide a valuable tool to healthcare providers and families as they interpret

BRCAI and BRCA?2 test results.




Bansal

INTRODUCTION

Advances in molecular biology have led to the development of numerous
genetic tests, but for these to be applicable in a clinical setting, it is important to
carefully develop guidelines for selecting those patients most likely to benefit.
This requires an assessment of the pre-test probability that an individual carries a
deleterious mutation, and sufficient information so that health care workers are
able to interpret the meaning of a positive or negative result.

There are more than 175,000 new cases of breast cancer and 24,000 cases
of ovarian cancer each year in the US. Approximately 43,000 women die of
breast cancer annually (American Cancer Society, 1998). Mutations in BRCA!
(Miki et al., 1994) and BRCA2 (Wooster et al., 1995; Tavtigian et al., 1996) are
believed to account for approximately 5-10% of breast and ovarian cancer cases
(Claus et al., 1996; Ford et al., 1998). Although mutations are rare (Ford et al.,
1995; Peto et al., 1999), and risk estimates vary, female mutation carriers face up
to an 87% risk of breast cancer and a 44% risk of ovarian cancer by age 70 years
(Ford et al., 1994; Struewing et al., 1997; Ford et al., 1998; Hopper et al., 1999).
Genetic tests are currently available to women with evidence of a family history
of breast and/or ovarian cancers, to determine whether they carry deleterious
mutations in BRCAI or BRCA2 (Myriad Genetics Inc, 1996; Nelson, 1996). In

the current study, we explore the interpretation of genetic testing in BRCA/ and
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BRCA2, in which the full sequence of the protein-coding regions and adjoining

non-coding regions of these genes is examined.
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MATERIALS AND METHODS

Risk estimates

In order to provide examples of prior probability estimates for a sample of
family histories, the model described in Frank et al (Frank et al., 1998) was
applied. This model was obtained by logistic regression analysis applied to data
from 238 women with either breast cancer before age 50 years or ovarian cancer
at any age, and at least one first or second degree relative with either diagnosis.
The dichotomous variables retained in the final model were: presence of a relative
with ovarian cancer; presence of a relative with male breast cancer; bilateral
cancer in the consultand; breast cancer below 40 years in the consultand, and

below 50 years in one relative. The results are shown in Table 1.

Evaluation of the genetic test

A Bayesian approach was applied to derive the positive predictive value
(PPV) and negative predictive value (NPV) of BRCA testing (Galen et al., 1975).
Sensitivity - the probability of a positive test in a mutation carrier, specificity - the
probability of a negative result in a person who is mutation-free, and the
individual’s pre-test probability of carrying a mutation are required for the

calculations. The pre-test probability is the prior probability of interest. It is the
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conditional probability of a mutation in BRCA1 or BRCA2, given family history

and age at diagnosis.

The calculations are shown below, where p is the pre-test probability of a

deleterious mutation, S is the clinical sensitivity of the test, and E is the clinical

specificity of the test.

= S-p \ Eq. 1
S-p+(-E)-(1-p)

PPV

E-1-p)+(1-5)-p

Mutations in BRCAI and BRCAZ2 were analyzed by dye-primer sequencing
as described in Frank et al. (Frank et al., 1998). They were considered deleterious
if they resulted in a premature stop codon, an amino acid substitution in a
functional domain, or if they caused aberrant splicing. It is estimated that 5-15%
of deleterious BRCA mutations may be due to large deletions that are not detected
by dye-primer sequencing. In the absence of a known mutation in the family, the
clinical sensitivity of the full sequence analysis assay was therefore estimated to
be 0.85. Clinical specificity was assumed to be >0.9995, since all positive results
are repeated by the laboratory for confirmation, and the laboratory's validation

studies have determined that the analytical specificity of the dye-primer

sequencing method approaches one.
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A curve was plotted to show the relationship between prior risk of

mutation and predictive value across the whole spectrum of risk (Figure 1). A

look-up table was also created for reference (Table 2).

Software.
Splus 2000 (Mathsoft Inc., Seattle, Washington) was used to generate the

predictive value curves.
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RESULTS

Table 1 illustrates the PPV and NPV for individuals with a range of family
history information, as taken from Frank et al. (Frank et al., 1998). Patients with
a prior probability of 25% of carrying a deleterious mutation have a greater than
99% chance of having a mutation in BRCAI or BRCA2 if their test result is
positive. A negative test in such an individual rules out the presence of a
mutation with greater than 95% certainty. For higher prior probabilities, the PPV
of the test increases towards 100%.

If the prior probability of a mutation is high, however, the NPV decreases.
For example, a negative test result for a patient with 71% pre-test probability of
carrying a mutation should be interpreted with caution. The patient still has a
27% probability of carrying a mutation. Nevertheless, her probability of being
mutation-free has risen from 29% to 73%. Figure 1 shows how predictive value

varies across the spectrum of prior risk and values are tabulated in Table 2.
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DISCUSSION

The primary concern in the evaluation of any screening test is the
occurrence of false negative results, leading to inappropriate reassurance, and
false positive results, leading to unnecessary anxiety and treatment. ASCO
guidelines suggest that genetic testing be considered for individuals with a prior
probability of greater than 10% of carrying a deleterious mutation (ASCO, 1996).
For individuals with prior risk in the 10-40% range, full sequence analysis gives
PPV and NPV greater than 0.99 and 0.90, respectively. Sequence analysis of
BRCAI and BRCA?2 in these individuals is therefore an accurate indication of
mutation status.

The predictive value of BRCAI and BRCA2 analysis is even greater for
relatives of known mutation carriers who are tested only for the mutation carried
by their relative. Clearly, any close relative of a known mutation carrier has a
substantial pre-test probability of carrying the same mutation, and in our
experience, over 48% of them test positive. The clinical and analytical sensitivity
and specificity are greater than 0.99 for a previously characterized mutation,

making full sequence analysis a highly effective tool for these cases.

Another group with elevated risk consists of women of Ashkenazi descent.
Three mutations (BRCA/ 185delAG and 5382insC, and BRCA2 6174delT)
account for the majority of all those found in this group. BRCAI 185delAG is

found in 20% of Ashkenazi Jewish women with breast cancer diagnosed before
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age 42 years and BRCA2 6174delT accounts for 8% of cases (Neuhausen et al.,
1996; Offit et al., 1996). Thirty-one percent of clinical samples from Ashkenazi
breast cancer cases and 23% of those from Ashkenazi women without either
breast cancer or ovarian cancer were found to carry one of these three mutations.
This is a group for which relatives of known carriers should be tested for all three
predisposing mutations, not just the one found in their relative. Despite their
elevated risk, however, these women still fall within a range for which testing has
strong positive and negative predictive power. The remaining clinical subgroups
have a lower prevalence of mutations and the same test characteristics apply.
While we have used the model of Frank et al. (Frank et al., 1998) to derive
estimates of the prior risk of mutation, our approach is applicable to other
available models. Shattuck-Eidens et al. (Shattuck-Eidens et al., 1997) used
logistic regression analysis to show that age, ethnicity, diagnosis and family
history are all significant factors in determining a woman’s risk of carrying a
deleterious mutation in BRCAI. Couch et al. (Couch et al., 1997) also developed a
predictive model to determine the odds that a women carries a mutation in BRCA/
based on family history. Berry et al. (Berry et al., 1997) derived similar results in
relation to BRCAI, and proposed a modification to take into account the likely
effects of BRCA2. They found that the number and relationships of unaffected
relatives, together with their current ages or ages at death were also critical

determinants of carrier probability. This model would be expected to give higher

10
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prior probability estimates than those of Frank et al. (Frank et al., 1998), because
it is based on any deleterious changes, not just those detected by sequence
analysis. Nevertheless, as shown in Table 2, modest changes in the estimate of
prior risk do not alter the conclusion that sequence analysis has high positive and
negative predictive values for most patients studied.

With the information in this analysis, health care workers can counsel
patients about their individual risk following testing for mutations in BRCA/ and
BRCA2 in a clinical setting. This may help to dispel misconceptions about the
meaning of positive or negative tests in certain individuals. While it does require
an assessment of prior risk for each individual, the result is a meaningful
interpretation of the genetic testing results. This will permit patients and health

care workers to make better-informed decisions as to how to proceed.

11
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Table 1. Examples of positive and negative predictive values of full-sequence

analysis of BRCAI and BRCA2 for women over a range of pre-test risk*

Consultand Family history Pre-test PPV NPV
probability

Woman with breast One relative with | 0.25 0.98 0.95

cancer, breast cancer, dx

dx < 50yr < 50yr

Woman with breast One relative with | 0.35 0.98 0.92

cancer, ovarian cancer

dx < 50yr

Woman with breast One relative with | 0.40 0.99 0.91

cancer, dx <40 yr

breast cancer, dx

<50 yr

18
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Woman with breast | One relative with | 0.59 0.99 0.82
cancer dx < 50 yr either breast
cancer dx < 50
yr, Or ovarian
cancer
Woman with breast | One relative with | 0.71 0.99 0.73
cancer dx < 50 yr, ovarian cancer
with bilateral BC or
ovarian cancer
Woman with breast | One relative with | 0.89 1.00 0.45

cancer dx < 40 yr,
with bilateral BC or

ovarian cancer

ovarian cancer

* Pre-test risks were calculated using the model of Frank et al. (Frank et al., 1998)
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Table 2. Positive and negative predictive values of full-sequence analysis of

BRCAI and BRCA2, in the absence of a known mutation in the family, for a range

of prior probabilities
Pre-test probability Positive predictive value | Negative predictive value
0.05 0.90 0.99
0.10 0.95 0.98
0.15 0.97 - 0.97
0.20 0.98 0.96
0.25 0.98 0.95
0.30 0.99 0.94
0.35 0.99 0.92
0.40 0.99 0.91
0.45 0.99 0.89
0.50 0.99 0.87
0.55 1.00 0.84
0.60 1.00 0.82
0.65 1.00 0.78
0.70 1.00 0.74
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0.75 1.00 0.69
0.80 1.00 0.64
0.85 1.00 0.54
0.90 1.00 0.42
0.95 1.00 0.26

21
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Figure 1. Positive and negative predictive values of full-sequence analysis of
BRCAI and BRCA2. The positive (solid line) and negative (dashed line)
predictive values are shown for a positive and negative test result, respectively,
for a full sequence BRCA test in an individual whose family’s mutation status is
unknown. These curves are based on an assumed sensitivity of full sequence
analysis of 85% and a specificity of 99.95% (see text for details). For individuals
whose pretest probability of a mutation is between 10 and 40%, the predictive
value of both positive and negative tests are high. For an individual whose pretest
probability of mutation exceeds 50%, a positive test can be interpreted with
absolute confidence, i.e., the individual has the mutation. A negative test in such
an individual leaves open the possibility that there may be an inherited familial

mutation not detected by the test.
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GENETIC EPIDEMIOLOGY OF BREAST. OVARIAN AND END( YMETRIAL

CANCERS - LOW PENETRANCE GENES

INTRODUCTION

Cancer results from complex interactions
among genetic. hormonal. growth and envi-
ronmental factors. [n genetic epidemiologi-
cal studies, umportant considerations are
those factors. both genetic and epidemio-
logical/lifestyle which may explain the etio-
logy or progression of the disease (figure 2).
Endometrial. breast and ovarian cancers
are all hormone-related cancers. There-
fore. factors which aftect the hiosynthesis.
secretion and metabolism ol estrogen

Susan L. Neuhausen

GENETIC
EPIDEMIOLOGY
OF BREAST, OVARIAN
AND ENDOMETRIAL
CANCERS
LOW PENETRANCE
GENES

INTRODUCTION
EPIDEMIOLOGICAL RISK FACTORS
COMMON GENES WHICH MAY PLAY
A ROLE IN CANCER

CONCLUSIONS
REFERENCES

should be examined. Epidemiology/lit‘e-
style factors include smoking. diet. repro-
ductive characteristics such as age at
menarche and at menopause. nulliparity.
use of oral contraceptives and hormone
replacement therapy. A family history of
cancer is an important risk factor. Relative
risks range from 2 to 9 depending on type
of cancer. age and number of first-degree
relatives affected by the disease [!].
Segregation analyses of pedigrees often
suggest a genetic basis for the family
history. Genetic factors include rare genes

47
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\

- Fuctors important in genetic epidemiotogical studies of ctiology of cancer.
inherited
genotypes
somatic
endogenous: for example. age at menarche
exposures
exogenous: for example. oral contraceptive use. smoking

genotypes

P CXPOSUTES

interactions \:
demographics: for example. age. sex

which conter a high-risk for developing
the diseuse and common genes which con-
fer o low risk. such as genes which meta-
bolize carcinogens or which encode
erowth tactors, enzymes and receptors that
regulate hormones and wre involvedin cel-
tular proliferation. In this chapter. an over-
view ol genes. which may confer a fower
risk ot developig cancer tlow penetran-
¢e). vet be more common in the popula-
ton. is presented. These low penetrance
aenes may act alone or may be m response
to environmental or litestyle triggers. for
example. smoking. high-tat diets. oral con-

traceplive usce.

EPIDEMIOLOGICAL RISK
FACTORS

ENDOMETRIAL CANCER

The primary risk fuctors for endometrial
cancer are largely associated with “unoppo-
sed estrogens™. where no progesterones are
present [2.3]. Obesity. diabetes. hyperten-
sion and nulliparity are commonly associit-
ted conditions [4]. Family history has also
been reported to be arisk factor. Inoacase-
control study ol family history of endome-
triad cancer in lirst degree relatives with a
median age of cancer at 61 years, the odds
ratio was 1.3 |5]. The odds ratio was 2.8 in

4N

a case-control study of women between the
ages of 20-34 years [6]. Gruber ct al [6]
suggest that nearly 5 per cent ol incident
endometrial cancer among women ages 20-
S+ vears may be due o a tamily history of
endometrial cancer and 2 per cent may be
related to colorectal cancer. This contirms
report of Sandles etal [ 7] i which they sug-
gest that a portion of famibial risk 18 due to
HNPCC and a separate portion to endo-
metrial cancer alone. Endometrial cancer is
the most frequent extracolonic caneer in
HNPCC 8] and 2 per cent of endometrial
cancer is refated to colorectal cancer [6].

OVARIAN CANCER

Hormonal risk factors commonly associa-
ted with ovarian cancer are nulliparity. carly
age at menarche and late age at menopause
[9.10]. A tamily history of ovarian cancer is
a major risk factor, with relative risks ran-
ging from 2.0-4.3 tor lirst-degree relatives
[11-14]. There is familial aggregation of
ovarian cancer. and breast. endometrial and
colon cancers [ 13.16]. The endometrial and
colon cancer associations are fargely due to
HNPCC and the ovarian and breast syndro-
me due to BRCAL. Inan unselected popula-
ton ol ovarian cancer cases, approximately
10 per cent had BRCAT BRCAZ or HNPCC
mutations | 17].
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BREAST CANCER

For breast cancer. known reproductive fac-
tors stch as age at menarche and menopau-
se. age at first pregnancy. number of full-
term pregnancies. and oral contraceptive use
are important risk factors [18.19]. A family
history of breast cancer has been identified
as a major risk factor for the development of
breast cancer with estimates ol a 2-10 fold
increased risk to first-degree relatives of a
breast cancer case |20-24]. Claus et al [25]
reported that age at onset is the strongest
indicator of familial risk of breast cancer. In
a study comparing the incidence of familial
breast cancer among non Hispanic Cau-
casians. Alrican Americans. and Hispanic
breust cancer cases. 10 per cent of non
Hispanic Caucasian women and 149 per
cent of African American women reported a
first-degree refative with breast cancer as
compared to 2 per cent ol Hispanic women
[26]. Hispanic women in the US have lower
rates of breast cancer. Part of the reason for
the low rate of breast cancer in Hispanics
may he because they fack the risk associated
with a fanily history, _
A venctic predisposition o breast cancer
may explain a large proportion ot carly-
onset breast cancer. Estimates are that 7 per
cent of breast cancer cases and 10 per cent
ol ovarian cancer cases in the general popu-
Lation are due to breast cancer susceptibility
genes [27]0 and that approximately one-
third of breast cancer cases diagnosed bet-
ween 20-29 vears are caused by mutations
in high-penctrance breast cancer susceptibi-
lity genes [27]0 BRCAT and BRCAZ. two
genes which conter susceptibility to develo-
ping cancer are discussed in the chapter
Genetic Epidemiology of Hereditary Breast,
Ovarian and Endometrial Cancer: Not all
women with defeterious BRCAT or BRCAZ
mutations will develop cancer. Estimates of
the age-specitic risk attributable - muta-
tions runge from 36 to 80 per cent [28.29].
Fven among individuals and families who
share common tounder mutations, large dit-

ferences exist in ages of onsct ol breust can-
cer and in relative incidence of breust and
ovarian cancers [30-321. It is possible that
mutation carriers in high-risk fumilies have
a greater risk. not just because they are gene
carriers. but because they also inherited
other lower-penetrant risk genes. Peto et al
[33] suggest that only a small proportion of
familial risk of breast cancer in families
with few cases of cuncer is attributable to
mutations in BRCA/ and BRCAZ. They
hypothesize that the remaining genes con-
ferring susceptibility are of lower risk. In
the general population. which includes
those individuals with no family history to a
strong family history. the high penetrance.
rare genes such as BRCA/ and BRCAZ
appear to explain even a smaller proportion
ot hreast cancer.

COMMON GENES WHICH
MAY PLAY A ROLE
IN CANCER

The possible role of inherited (germ-line)
mutations in common genes in the ctiology
of breast. endometrial. and ovartun cancers
is the tocus of this chapter. These canceers
are all hormone-dependent and theretore.
aenes which conter risk for one cancer
may also conter visk for the others. A gene-
ral description of these common genes in
comparison o rare genes such as BRCA/
and BRCA2 is shown in table L

Why are we interested in study ing genes
which conter a low risk ol cancer vet are
common in the population? Identification
of relevant genes important in the oceur-
rence and/or progression ol breast. ovarian
and endometrial cancers could provide
clues tor the design ol better preventative
and treatment strategies. The objective of
many genetic epidemiotogical studies is to
provide information that could lead to pre-
dictive individual risk assessment and to
aid in decision-making regurding scree-
ning. preventive surgeries. chemotherapeu-
tic drug strategies and litestyle choices.
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Tuble | - General clusses of genes causing susceptibility to discase.

] variant absolute attributable
class . . examples
frequency risk risk
rare genes low high low BRCAI, BRCA2
common genes high low high GSTM 1, CYPIAI,
comT

Which genes are likely candidates? One
needs to study the significant epidemiolo-
gical risk factors for the clues they provide
to discern possible genetic etiologic path-
ways n breast. ovarian. and endometrial
cancers. As breast cancer is the most com-
mon of the three cancers. most of the
examples presented ure in breast cancer.
However. many. if not most of these genes.
may be relevant to endometrial and ova-
rian cancers as well.

SUGGESTIVE ETIOLOGIES/
PATHWAYS

FROM EPIDEMIOLOGICAL
STUDIES

From epidemiologicul studies. ¢ number ot
demographic. reproductive and hormonal
factors have been reported to intluence
risk ot breast and ovarian cancers [34].
Many ol the risk tactors for breast cancer
retlect cumulative exposure of breast tis-
sue o estrogens. From case-control stu-
dies. a number of reproductive fuctors has
been associated with increased breast can-
cer risk. for example early age at menar-
che. late age at first birth. nulliparity/low
parity. and late age at natural menopause
[18.19.35]. One of the strongest risk fac-
tors for breast cancer is age at first pre-
gnancy, where risk is doubled in a4 woman
whose first full-term pregnancy  oceurs
after age 29 yeurs compared with before
age 20 vears. Other reproductive and hor-
mone-related fuctors such as low parity
and carly age at menarche also confer
mcreased risks ol breast cancer. Among
postmenopausal women, late age at natural
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menopause is implicated as a risk factor.
For ovartan cancer. nulliparity and few
pregnancies have been related to a higher
risk [10.36]. and early menarche. late age
at natural menopause. late age at first pre-
gnancy. and infertility confer & moderately
increased risk [9.37]. Thus. exposure to
endogenous female sex hormones appears
to play a role in the etiology ot breast and
ovarian cancers. The association between
breast cancer risk and exogenous hormone
use is less clear [38]. In a colluborative
study of 34 epidemiological studies of
breast cancer. a relative risk for breast can-
cer of 1.3 was observed for current oral
contraceptive users [39]. White et al [40]
reported @ modestly increased risk with
long-term OC use among yvoung women.
OCs are assoctated with a 50 per cent
decreased risk of ovariun cancer [9.10].
For HRT. an increased risk of breast cancer
has been observed with long durations and
recent use [41]. although other studies
have shown no assoctation [42-44].

Reproductive Factors have also been exa-
mined in BRCA/ and BRCA2 mutation
carriers. In one study of BRCA/ and
BRCA2 mutation carriers. parity was asso-
ciated with significant difterences in age-
specific risk of breast cuncer. consistent
with results from population studies. There
wis no effect of age at first or last pre-
gnancy [43]. There was a signilicant corre-
lation between age at diagnosis and age at
last birth for ovarian cancer. Narod et al
[46] reported similur tindings in a study
utilizing some of the same mutation car-
riers as in Goldgar etal [45]. There was an
increased risk of breast cancer associated
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with low parity and with recent birth
cohort. The risk of ovarian cancer decrea-
sed with increasing age at last childbirth
and increased with increasing parity. These
results indicate that the risk of cancer
among BRCAI and BRCA2 mutation car-
riers 1s modified by endogenous hormones
and that risk factors are similar to those in
the general population. BRCA/-mRNA ex-
pression studies showed that gene expres-
sion is induced during puberty. pregnancy
and after treatment of ovariectomized ani-
mals with 178-estradiol and progesterone
[47]. This implies a role for BRCA/ in the
* differentiation of breast and other tissues
which is triggered by (exogenous or endo-
genous) hormones. Both puberty and pre-
gnancy may represent periods of increased
susceptibility to carcinogenesis in the
breast in BRCAI carriers. Based on the
results of these studies. there likely are
hormonal and genetic fuctors which modu-

late age-specitic and overall incidences ot

breast and ovarian cancers in mutation car-
riers. Thus. the putative low penctrance
genes discussed in this review are also ap-
plicable to individuals with known mu-
tations predisposing to cancer.

GENES INVOLVED
IN CELL PROLIFERATION

Genes in the estrogen biosynthesis
and metabolism pathways

The link between estrogen. particularly
17B-estradiol (E2) and breast. ovartan and
endometrial cancers. possibly through its
role in stimulating cell proliteration. has
long been known. In a prospective study of
postmenopausal women. serum estrogen
levels were measured. In general. those
women who subscquently developed breast
cancer had higher serum levels of estrone.
total estradiol and free estradiol (for all

three. p= 0.06) and a lower percentage of

estradiol bound to SHBG (p <0.01) than in
women who had not developed  cancer

[48.49]. In a second pmspcctive case-con-
trol study. there was significantly increa-
sed risk for breast cancer in women in the
highest quartile tor bioavailuble estradiol
(RR= 3.6) and for free testosterone (RR=
3.3) as compared to the lowest quartile
[50]. Thercfore. enzymes which regulate
estradiol biosynthesis und metabolism may
be important for breast cancer develop-
ment. Polymorphisms which alter activity
of the proteins produced from these genes
may be important risk factors for hormo-
nally-regulated cancers by regulating the
level of circulating estrogen.

Estrogens are generated from the conver-
sion of androgens, which are generated
from cholesterol through a series of reac-
tions (ligure 3). Theretore. variants in ge-
nes involved in syathesis of androgens and
estrogens are potential risk factors for these
cancers through thetr actions in regulating
and altering hormonal levels. Tmportant
enzyimes for synthesis include the cvtoch-
rome p430 genes (CYPLA CYPIT and
CYPI9y |31 Aromatase (CYPI9) is the
Key en/svme converting androgens to estro-
aens and is generally considered the rate-
limiting step [32]. As aresultithas a major
role in regulating estrogen levels. Estrone
is the primary steroid produced. It i con-
verted to estradiol (E2). a more hiologically
potent estrogen. by 17 B-hydroxysteroid
dehvdrogenase type LHSDIZBI .
Aromatase is present in both normal and
wmor cells in the breast [33]0 Within
tumors. intratumoral aromatase appears o
be over-expressed and is important in con-
verting circulating androgens to estrogens.
probubly in association with 17B-HSD
type Land estrogen sulfatase [32.54.55]. In
population-based  studies. increased  risks
ol developing breast cancer have been
associated with a polymorphism in CYP9
[56.57].

PolyCystic Ovarian Syndrome (PCOS) dis-
rupts normial ovarian function and increuses
the risk of endometrial cancer [38] and the

risk o ovarian cancer 2 5-told [39]. The
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Figure 3 - Pathway of esirogen synthesis.
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hy perandrogenism of PCOS appears due o
CyP 17 which regulates androgen synthesis.
and is itselt regulated by the insulin/iGE
svstem [00.61] Inastudy examining retat-
ves with and without PCOS. an A2 variant
in CYPI7 was associated with PCOS with
an odds ratio of 2.20/162]. Techatraisak et al
[63] reported no ditferences in the allele tre-
quencies between PCOS patients and a con-
trol population and thus no - increased risk
for PCOS. Serum levels of estradiol. mea-
sured in premenopausal. ovulating women.
were significantly higher in women with A2
alleles as compared to women homozygous
for the wildtype Al allele. suggesting gene-
tic control of serum hormone levels by
CYP!7 [64]. A similar result was reported
when estrogens were measured in postme-
nopausal women [63]. In one study. the AZ
CYP/!7 variunt was associated with an
increased risk of metastatic disease (2.2
95 per cent CLLO7-5.94) [66]. However.
this result was not contirmed in subsequent
studies [63.67-69].

4l
(=]

A further effect of estrogen on breast can-
cer risk may he from metabolism ol estro-
gens, The pathway for metabolism ot estro-
sens is shown in figure 4. Estradiol is UNE
dized primarily at C-2. but also at C-4 10
form the 2-3- and 3-4 catechols, There are
data to suggest that Toc-hydroxyestrone.
estrogen catechols. and the estrogen quino-
nes from oxidation of the catechols are
genotoxic [31.70]. 16a-hydroxyestrone s
helieved 1o cause excess eell proliferation
and to cause DNA damage. The E2 and EI
catechols are intermediates in the produc-
tion of more reactive semiquinones and
guinones.  Semiquinones and guinones
serve as substrates for redox cycling and
have the potential to cause oxidative stress
and damage that may contribute to - the
development of cancer. The catechols are
inactivated by Catechol-O-MethylTransfe-
rase (COMT). as well as by glucuromida-
tion and sulfation.

CYPIAT is a primary enzyme in metabo-
fism of estradiol and estrone to catechol
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1g 3 £

' estradiol. estrone

16¢-OH .
I _— [ [6¢-hydroxestrone J

CYPIAIZIAZ/IB CYPIAI/IA2/IB

(j)_vdmx_\' estradiol | —COMT inactive COMT [Z—h)'dmxy estradiol |
SULT taholites SULT
’j-h_\dm\_v estrone } GSTs metabolites GSTy l 2-hydroxy estrone |

p430 reductase l? 430 oxidase

3 4-semiquinone

r 3 4-quinone {

DV |
y

[ depurinating

adducts

p430 reductase VT P430 vxiduse

[2.3-scnﬁquimmc i
|

[ 2.3-quinone

DNA |
WA

[ © stable adducts

estrogens. There have been several populu-
tion-bused studies examining the associu-
tion of CYP/A/ genetic polymorphisms
with breast cancer risk. Ambrosone et al
[71] reported an increased risk ot breast
cancer in postmenopausal women associa-
ted with the Vald62lle polymorphism.
whereas Rebbeck et al [72] found no signi-
ficant association. A significant associa-
tion of a Mspl CYP/AI polymorphism
with increased risk ot breast cancer in
African-American women. but not in
Caucasian women. was reported [73.74].
In a prospective study trom the Nurses’
Health Study. there was no overall increu-
se in breast cancer risk associated with two
polymorphisms in CYP/A/ |75]. How-
ever. there was an increase in breast caneer
risk among women with variant allefes
who had started smoking betore age 18
years as compared o non smokers who
were homozygous wild tvpe [73]. In-a
study of BRCA/ und BRCA2 mutation car-
riers. the risk of breast cancer in premeno-
pausal mutation carriers with at least one
3" Mspl A2 variant was significantly redu-
ced (OR= 0.38. p= 0.04) [76]. In a case-

control study ot endometrial cancer. the
CYPIAT variant showed a strong ussocia-
ton with endometrial cancer risk (OR=
6.30. 95 pereent CHEY9-26.5 [77]. as did
two other CYPLAT polymorphisms in a
smaller study (OR= 3.67. 93 per cent Cl
1.21-13.26] 78]

COMT plays an important role of conver-
ting catechol estrogens to inactive metabo-
lites which ure water soluble and excreted
in urine {31} A genetie variant in COMT.
which conters lower enzyme activiy [79]
was examined in a case-control study of
breast cancer cases [80]. There was a si-
gniticant increase in risk in postmenopau-
sal women with a BMI > 2447 kg/m-= and
in postmenopausal women with the gluta-
thione s-transterase mu (GSTW /) null va-
riant or a GSTP/ variant [80]. GSTy and
SultoTransterases (SULTs) also convert
the 2- and 4-hydroxy estradiols and estro-
nes to inactive metabolites. The GSTy are
discussed below in the section Carcinogen
Metabolism Genes. The ability to convert
the cuatechol estrogens into inactive meta-
holites may be important for reducing
breast cancer risk.
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Steroid hormone receptors

Variants in the ER and PR genes which
affect expression or binding may be impor-
tant risk factors for these hormonally-regu-
lated cancers. Overexpression of estrogen
receptors in normal breast tissue increases
breast cancer risk (OR= 3.16. 95 per cent
CI 1.89-5.28) possibly by enhuncing estro-
gen sensitivity [81]. Anderson et al [82]
screened for mutations in ER and reported
a Glyl60Cys polymorphism in ER that
may be associated with breast cancer risk.
but more studies are needed. Parl et al [83]
reported that breast cancer cases with
tumors homozygous tor the 0.7 kb Pyull
fragment in ER were signiticantly vounger
(mean age of diagnosis at 50.4 vears) than
those cither heterozy gous or homozygous
wildtype tmean age of 644 and 64.6 vears.
respectivelyi A mutation in the PR gene
has been associated with an increased risk
ol ovurian cancer [84]. However, in two
subsequent studies. this association was
not present tor either breast or ovarian can-
cer [83.80].

Androgens play a role in regulating proces-
ses i breaste ovarian and endometrial tis-
sue. The Androgen Receptor (AR) s ex-
pressed in normal ovarian epithelial cells
and is down-regulated in most ovarian can-
cer cells [87]. In unother study. AR were
present in 90 per cent ot 94 epithelial ova-
rian cancer cells [8S]. AR is also expressed
in normal endometrium [8Y] and in endo-
metrial cancer [90]. AR is expressed in epi-
thelial cells in normal breast tissue [911, as
well us in some tumor breast tissue where it
mediates breast tumor growth and progres-
sion [92], and may be coexpressed with ER
and PR [91]. A CAG repeat in AR (AR-
CAG) is inversely associated with the level
of transcriptional activation ol AR [93.94].
This polymorphism has been examined as a
risk- tactor for breast cancer. In a popula-
tion-bused  case-control-family study of
women less than 40 vears at diagnosis of
breast cancer. there was no association bet-
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ween the length of the CAG repeat and
breast cancer [95]. In a study of 304
women with germ-line BRCA/ mutations.
165 with breust cancer and 139 without
cancer. the effect of the AR-CAG repeat
length on breast-cancer penetrance was
evaluated. Women who carried at least one
AR allele with 2 28. 2 29, > 30 CAG
repeats were diagnosed with breust cancer
0.8. 1.8. and 6.3 yeuars eurlier than women
who did not carry at least one such allele
[96]. This suggests that androgen signaling
pathways may be important in modifving
development ot cancer. at least in BRCA/
associated cancers.

Another important steroid hormone recep-
tor may be the Vitumin D Receptor (VDR)
which exerts influence in breust epithelial
cells [97] by mediating the action of
L.25(OH)2D3. which is involved in cell
proliferation and ditferentiation in breast
cancer cells [98-101]. In two studies. the
majority of breast cancer tumors expressed
VDR [102.103]. Colston et al [ 103] repor-
ted that there was signiticanty longer dis-
ease-free survival i those patients with
VDR-positive twmors. Eisman et al [104]
found that VDR protein levels were asso-
ciated with lvimph node metastuses. In a
recent study. the association of a VDR poly-
morphism with breuast cancer was examined
[ 103 ]. There was no association with risk of
developing breast cancer. but tor breast can-
cer cases absent the Tugl site. there was a
significantly increased risk tfor lymph node
metastasis (OR= 1.8) [105]. This suggests
that variants in VDR may confer an increa-
sed risk for breast cancer progression (as
measured by metastases). VDR expression
has been observed in endometrial carcino-
ma utssue [106] and in ovarian cells of
mammals (hens) and birds [ 107].

[nsulin-like growth factor
pathway genes

In population-based  studies. obesity  has
been reported as a risk tuctor for breast.
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ovarian and endometrial cancers [2.108.
109]. Obesity results in Significantly In-
creased Insulin (INS) levels, as well as in-
creased levels of Insulin-Like Growth
Factor [ (IGFI) and estrogen [110]. Estra-
diol. IGFI and insulin appear to stimulate
proliferation in normal breast epithelium
and increase breast cancer risk [I11-113].
Thus. genes in the growth factor signalling
pathway are good candidates to study for
their roles in the etiology of these cancers.
Genes in the IGF signalling pathway also
likely function as regulators of steroid hor-
mone actions in the endometrium [114].
The estrogen and growth fuctor signalling
pathways are interrelated in that INS. IGF.
SHBG. estrogen and their receptors are
involved in regulation ot each other [115-
F7] Insulin itseltf is a potent mitogen
[HIS]. The INS 37 VNTR is associated with
levels of insulin gene expression both in
vivo and in vitro [ 119120}, as well as with
levels of IGF2 [121]. The effect of insulin
may be greater through down-regulating
Insulin Growth Fuactor Binding Proteins
(IGFBPs) [113]. A decrease in IGFBPs
would increase bioavailability of IGF1 and
[GE2. which are potent mitogens that regu-
late proliteration of breast cells [122.123].
IGFBP-3 binds IGFI and modulates the
activity of IGFT [ 124]. and higher circula-
ting levels of [GFI and lower levels of
IGFBP-3 have heen reported in breast can-
cer patients [ T3 125 IGFBP-3 may also
play an IGF-independent role in growth
regulation ot cancer cells by directly inhi-
biting growth |126]. IGFBP-3 levels have
been ussociated with poor prognostic fea-
tures (tumor size and low ER) [ 130]. IGF2
has been implicated in regulation ot breast
cancer cell growth [127-129].

IGFI may be an important breast cancer
risk factor because ol its role in cell growth
and ditterentiation. as well as its eftfect on
ER activity [115.131] and PR activity
[132.033]. IGF1l levels are increased
during periods of more rapid growth, such
as puberty [123]. Ninety percent of breast

tumors are insulin receptor-positive and
over-express IGFI [111]. In a prospective
case control study. there was a strong asso-
ciation between circulating IGFl serum
concentrations and the risk of breast can-
cer in premenopausal women. especially
for those women less than 50 years of age
at the time of blood collection [134].
SHBG may be regulated by IGF 1. because
as IGF1 levels increase. SHBG levels
decrease [135-137]. SHBG binds to testo-
sterone and estradiol. thereby regulating
the brologically avatlable levels of these
hormones [138]. Higher levels of SHBG
would reduce free levels of estrogen. the-
reby protecting against the development of
breast cancer. SHBG has been observed in
both normal and cancerous breast tissue by
immunostuning {139].

IRST is the mujor cvtoplusmic substrate of
the insulin and IGF 1 receptors in most insu-
lin sensitive tissues. including breast tissue.
Nolan et al [140] observed that IRST was
critical in control of growth of MCF-7 cells
and in cell survival. High IRST expression
is a factor in shorter disease-tree survival in
patients with small twmors (< 2 ¢my | 116,
130]. This suggests that IRST-mediated
signalling 1s involved in growth regulation
in breast tumors [130.141].

The growth factors binding proteins and
receptors of the IGF pathway are important
in ovartan follicle growth and development.
as they both stimulate ovarian cellular mi-
tosis and sterotdogenesis and inhibit apop-
tosis [142] [GFI plays ua role in prolitera-
tion ot ovarian cancer and appears to inte-
ract with estradiol to regulate growth
[ 143,144 PCOS was described above. and
the action of CYP/7. which regulates
androgen synthesis. appears to be regulated
by the insulin/IGF system [60.61].

The IGF system likely tunctions 1o media-
te steroid hormone action in the endome-
trium as well as in the breast and ovaries.
Rutancn et al [ T4} examined levels of the
IGFBPs in normal and cancerous endome-
trial tissue and observed that IGFBP-I
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expression was suppressed in cancerous
tissue. suggesting that an excess stimula-
tion of cells by IGFs leads to uncontrolled
- proliferation. The role of insulin in growth
of endometrial cuncers was studied in five
endometrial cancer cell lines [145]. Insulin
stimulated cell growth of all the cell lines.
possibly through both direct action as a
mitogen and indirectly through the IGF
pathway. Insulin suppresses and progeste-
rone induces [GFBP expression in the en-
dometrium. so that suppression of IGFBP-
| may explain the increased risk of endo-
metrial cancer when there is hyperinsu-
linemia or unopposed estrogens (absence
of progesterone) [I14]. Kleinman et al
[146.147] investigated the effects of estra-
diol and tamoxiten on the IGF system in
Ishikawa endometrial cancer cells. They
found that estradiol and tumoxifen sensiti-
¢ the cells to the eftects of IGFs by eleva-
ting IGFIR levels und decreasing IGFBP

fevels.

CARCINOGEN METABOLISM
GENES

The tinal set of genes to be discussed are
those which metabolize carcinogens. both
exogcnous and endogenous. Polyeyclic
Aromatic Hvdrocarbons (PAHs). which are
common in urban environments and pre-
sent in tobacco smoke. are possible human
breast carcinogens. They are lipophilic and
stored in adipose tissue [ [48]. are metabo-
lized und activated by human mammary
epithelial cells [149] and cause mammary
tumors in rodents [130]. PAHs are metiabo-
lized by phase [ enzymes, including the
cytochrome p430 enzyvmes (for example.
CYP2EL CYPIAT and CYP2DO6) and NAD-
(L) Quinone Oxidoreductase (NQO N, in-
to reactive intermediates which are then de-
toxiticd by phase Il enzymes. including
Glutathione  S-Transterases. GSTs (tor
example. GSTPIL. GSTM . GSTTT) [151]
and Epoxide Hydroxylase (EPHX) [152].
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Polymorphisms in these enzymes may
affect breast cancer risk becuuse of altera-
tions in the metabolization of the PAHs.
Several researchers have conducted studies
examining the effects of genetic variants in
CYP/A[ and CYP2D6, which may enhunce
the conversion of PAHs to reuactive inter-
mediates and of the null (poor metabolizer-
PM) phenotype of GSTs. whereby detoxiti-
cation of PAH intermediates may not occur.
The studies of CYPIA] were described pre-
viously. Ladero et al [133] compared indi-
viduals who were homozygous for a
CYP2D6 variant to phenotypically normal
individuals and reported a relative risk of
2.09 for breast cancer. Wolt et al [154] and
Pontin et al' [133] saw no increased risk
associated with this variant.

GSTy may be important in breast cancer
because ot their role in detoxitying exoge-
nous carcinogens in the breast and/or by
detoxitving the catechol estrogens to mac-
tive metabolites. However, several studies
report no significant association between
breast cancer and the null phenotype of
GSTMT |7T1.056.157]. In contrast. in a
recent study. breast cancer risk o was
increased in GSTW/ null individuals who
were > 30 veurs of age. suggesting that it
may play a role in postmenopausal breast
cancer development [138]. Rebbeck et al
[1536] examined GSTT/ in breast cancer
cases with a tamily history and reported
that mean age at diagnosis was signifi-
cantly carlier in GSTT/-null carriers. This
result suggests that women who carry
GSTT/ null alleles may be more suscepti-
ble to the ettects of PAHs thun women
who carry normal alleles. because they are
unable to form inactive metabolites and
theretore have higher exposure levels,
which results in development of breast
cancer at an carlier age. In a study of endo-
metrial cancers. there was no risk associi-
ted with cither the GSTM/ null or the
GSTT! null alleles 78],
N-AcetylTransterase (NAT) is important in
the acetylation ofarylamine carcinogens. It
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is one of the major enzymes in breast tissue
that activates the aromatic and heterocyclic
amines for which the main exposure is ci-
gurette smoking or consuming well-done
meat. Increased risks of breast cancer have
been reported in women who smoke and

~who are NAT2 slow acetylators [159] or

who have a CYP2E] variant [160]. In a
recent case control study of postmenopau-
sal women. a NATI polymorphic allele
was associated with an approximately 4-
fold increased risk of breust cancer and was
elevated in those that smoked and those
who consumed well-done meat [161].

Although not an enzyme which metaboli-
zes carcinogens. the HRAS/ VNTR (Va-
riable Number Tandem Repeut) has been
associated with an increased risk of breast
cancer in case-control studies [162] and an
increased risk of ovarian cancer in BRCA/
mutation carriers {163]. There are likely
other genetic polvmorphisms which have
been reported to conter an increased risk
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of breast cancer which are not described in
this review.

CONCLUSIONS

In this chapter. we have described genes
and their protein products which could
confer an increased risk for development
of cancers of the breast. ovary and endo-
metrium. Because these genes likely con-
fer only a small risk for developing cancer.
large cohorts and case-control populations
are required in order to assess their signifi-
cance. It may be that it is gene-gene and
gene-environment interactions that are
important for risk ot developing these can-,
cers. Based on studies looking at main
eftects and interactions. the size of interac-
tion effects are often larger than main
effects because of svnergistic effects of
factors. The role of low penctrance genes
in breast. ovarian and endometrial cancers
is still an under-explored rescarch area.
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Prevalence of BRCA2 mutations in male breast cancer cases
Susan L. Neuhausen

Introduction: Male breast cancer is rare, with an incidence rate of 0.5-1/100,000 per
year. The objective of this grant is to study unselected male breast cancer cases to
estimate the attributable risk of male breast cancer due to BRCA2 mutations.

Materials and Methods: This study was approved by the University of Utah
Institutional Review Board. Male breast cancer cases were recruited primarily through
the Utah Cancer Registry, as well as from the Wyoming Cancer Registry, Dr. Bishop at
the ICRF in the UK, a support group on the internet, and Dr. Offit at Memorial Sloan
Kettering Cancer Center in New York. For each participant, a 15 ml blood sample and a
self-administered questionnaire with detailed family history of breast and other cancers
were collected. DNA was extracted from blood using a Gentra™ kit. Single strand
conformation polymorphism (SSCP) analysis followed by sequencing of variants was
performed to identify mutations in coding regions and intron/exon boundaries of BRCAZ.
SSCP was performed on 73 amplicons, with an average size of 250 base pairs.

Results: 141 Caucasian male breast cancer cases are participating. Age at diagnosis
ranges from 28-93 years. Of the 94 cases with family history data, 52% have a family
history of breast cancer in at least one first degree relative. One individual had three
variants, two silent and 1 missense (all likely polymorphisms). Four missense mutations
of unknown functional significance, 3 mutations that are likely polymorphisms, and
seven obvious polymorphisms were identified. Ten frameshift mutations were found in
15 cases, including 5 cases with the 6174delT Ashkenazi Jewish founder mutation.
Based on mutations known to be deleterious, the prevalence is 10.6% (15/141). Thisis a
conservative estimate, because we do not yet have data on all samples for all amplicons.
Five mutation carriers have a positive family history, 2 have a negative family history,
and 7 are unknown.

Conclusions: The percentage of BRCAZ2 mutations in this sample is 10.6%. Accounting
for the sensitivity of SSCA of approximately 80%, the population prevalence is 13.3%
[(15/141)/.80]. Family history is not a good predictor of BRCA2 mutation status. BRCA2
mutations appear to be more prevalent in unselected male cases than in unselected female
breast cancer cases.




